NASA  Conference  Publication  2125 
DOE  Publication  CONF-791232 


Thermal  Energy  Storage 

Fourth  Annual  Review  Meeting 


NASA 

CP 

2125 
c . 1 


LOAN  COPY:  RETURN  TO 
AFWL  TECHNICAL  LIBRARY  | 
KIRTLAND  AFB,  N.M.  87717] 

A program  review 
held  at 

Tysons  Corner,  Virginia 
December  3-4,  1979 


TECH  LIBRARY  KAFB,  NM 

IIWlllllllllll 

DDT13m 

NASA  Conference  Publication  2125 
DOE  Publication  CONF-791232 


Thermal  Energy  Storage 

Fourth  Annual  Review  Meeting 


A program  review  sponsored  by  the 
U.S.  Department  of  Energy,  organized 
by  the  NASA  Lewis  Research  Center, 
Cleveland,  Ohio,  and  held  at 
Tysons  Corner,  Virginia,  December  3-4,  1979 


1980 


THERMAL 

ENERGY 

STORAGE 

% MEDIA 
• CONTAINMENT 
% HEAT  EXCHANGE 
% CONTROL 


PREFACE 


Near  term  oil  savings,  solar  (inexhaustible)  energy  applications  and 
dispersed  energy  systems  are  the  primary  activities  being  emphasized  by 
the  Department  of  Energy  in  their  energy-saving  and  energy  substitution 
missions.  Thermal  storage  is  an  important  factor  in  the  success  of  these 
missions  by  correcting  the  supply/use  mismatch  that  occurs  in  most  energy 
delivery  systems.  Attractive  applications  include  solar  and  conventional 
space  heating/cooling,  industrial  process/waste  heat  recovery,  and  load 
shifting  for  coal,  nuclear,  and  solar  thermal  electrical  power  generation. 

Within  DOE,  responsibility  for  the  development  of  reliable,  efficient,  and 
low  cost  thermal  storage  technologies  has  been  delegated  to  the  Division 
of  Energy  Storage  Systems.  Implementation  of  the  Thermal  Energy  Storage 
Program  under  the  direction  of  John  Gahimer  has  been  assigned  to  lead 
laboratories  consisting  of  national  laboratories  and  other  government 
agencies.  In  addition,  with  DOE'S  emphasis  on  decentralization  of  program 
management  functions,  a lead  center  role  has  been  created.  These 
management  roles  and  the  respective  subprogram  elements  for  FY  79/80  are 
as  follows: 

Program  Definition  and  Assessment  (Lewis  Research  Center) 

An  essential  function  related  to  management  of  the  overall  thermal  energy 
storage  program  is  that  of  program  definition  and  assessment.  The  major 
emphasis  is  the  implementation  of  a program  level  assessment  of  thermal 
energy  storage  technology  thrusts  for  the  near  and  far  term  to  assure  an 
overall  coherent  energy  storage  program. 

Industrial  Storage  Applications  (Lewis  Research  Center) 

The  major  tasks  in  this  program  element  are  the  implementation  of  a 
technology  demonstration  for  the  food  processing  industry,  the  development 
and  technology  demonstration  for  selected  near-term,  in-plant  applications 
and  the  development  and  technology  demonstration  for  advanced  industrial 
appli cati ons. 

Solar  Thermal  Power  Storage  Applications  (Sandia  Laboratory  Livermore) 

This  element  is  for  a comprehensive  advanced  thermal  energy  storage 
technology  and  development  program  for  FY  80-85  covering  all  solar  thermal 
large  and  small  power  systems  applications.  Major  emphasis  will  be  given 
to  advanced  thermal  storage  for  molten  salt,  central  receiver  systems  and 
the  organic  sensible  heat  distributed  receiver  systems  to  support 
application  areas  such  as  Barstow  and  Shenandoah. 
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Building  Heating  and  Cooling  Applications  (Oak  Ridge  National  Laboratory) 

Primary  emphasis  is  on  the  "customer  side  of  the  meter"  storage 
applications  to  provide  for  utility  load  management.  Development  and 
demonstration  of  improved  and  advanced  thermal  storage  subsystems  for 
space  conditioning  in  solar  applications  are  included  in  the  overall 
program  goals. 

Research  and  Technology  Development  (Lewis  Research  Center 
and  Solar  Energy  Research  Institute) 

This  element  provides  for  an  advanced  technology  base  which  will  lead  to 
improved  thermal  energy  storage  concepts  and  designs  for  existing  baseline 
storage  systems.  Generic,  high  risk  technologies  will  be  evaluated  and 
appropriate  technology  development  undertaken.  A SERI  interface  will  be 
maintained  to  coordinate  and  select  those  technologies  which  offer  a 
significant  advancement. 

Seasonal  Thermal  Storage  Applications  (Pacific  Northwest  Laboratory) 

The  objective  of  this  project  area  is  to  stimulate  interest  in  the 
feasibility  of  utilizing  aquifers  for  seasonal  thermal  energy  storage. 
Several  diverse  projects  will  be  operated  to  demonstrate  the  technical, 
economic  environmental,  and  institutional  feasibility  of  aquifer  storage 
systems. 

Previous  reviews  of  the  Thermal  Energy  Storage  Program  have  been  reported 
as  Contractors  Information  Exchange  Meetings  I,  II,  and  III.  The  format 
for  this  fourth  annual  meeting  was  changed  to  reflect  a year  of  transition 
and  overall  program  planning  for  thermal  storage;  hence,  the  Thermal 
Energy  Storage  Program  Review  Meeting.  Contained  within  this  document  are 
the  respective  project  area  overviews  and  selected  presentations  on 
specific  technical  and/or  economic  areas  of  concern.  To  provide  a 
complete  compendium  of  all  of  the  on-going  contracted  activities,  brief 
summary  reports  were  solicited  from  each  contractor  and  incorporated  as 
part  of  this  document. 

The  Lewis  Research  Center  of  the  NASA  organized  the  meeting  and  assembled 
this  documentation.  Project  overviews  and  contractor  reports  contained 
herein  were  prepared  by  the  responsible  individuals/organizations.  No 
technical  editing  or  evaluation  has  been  performed  by  NASA  or  DOE. 


A.  W.  Nice,  Chairman 
Thermal  Energy  Storage  Program 
Review  Meeting 
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BACKGROUND. 


There  are  major  incentives  for  developing  efficient  and  economical 
energy  storage  systems.  Economic  benefits  by  means  of  energy  storage 
result  through  improved  utilization  of  capital  intensive  energy  conver- 
sion and  delivery  systems,  and  through  the  efficient  utilization  of 
Intermittent  energy  sources  where  availability  does  not  always  coincide 
with  the  demand  of  energy.  Energy  storage  can  contribute  to  conserva- 
tion of  critical  fuel  reserves  as  well  as  providing  environmental 
benefits.  Thermal  energy  storage  warrants  particular  attention  in  our 
economy  since  so  much  of  the  energy  is  produced,  transferred,  and 
utilized  as  heat. 

The  DOE  Division  of  Energy  Storage  Systems  (DOE/STOR)  is  respons- 
ible for  formulating  and  managing  research  and  development  in  energy 
storage  technology.  Major  responsibility  for  project  management  in 
selected  areas  has  been  shifted  to  the  DOE  national  laboratories  and 
bther  government  agencies. 


Headquarters  and  Field  Management  Structure  for 
Thermal  and  Mechanical  Energy  Storage  Program 

HEADQUARTERS  LEAD  FIELD  FIELD  ACTIVITY 

SUBPROGRAM  CENTER  LABORATORY 
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OBJECTIVE  AND  STRUCTURE 


The  general  objective  of  the  Thermal  Energy  Storage  Program  is  to 
develop  the  technology  for  cost  and  performance  effective  thermal  energy 
storage  systems  for  end-use  application  sectors.  The  technologies  in- 
clude all  sensible  and  latent  heat  storage.  Technologies  for  selected 
applications  will  be  developed  to  the  point  of  acceptance  by  the  private 
sector  or  for  systems  integration  and  field  testing  by  a DOE  end-use 
Division.  The  Program's  activities  will  be  accomplished  principally 
through  contracts  within  the  private  sector  to  provide  early  and  effect- 
ive transfer  of  technology.  Government  funds  in  support  of  this  Program 
will  be  provided  by  DOE. 

Activities  are  coordinated  with  complementary  projects  and  tasks 
being  pursued  by  DOE  end-use  Divisions  and  national  laboratories,  the 
Solar  Energy  Research  Institute  (SERI),  the  Electric  Power  Research 
Institute  (EPRI),  the  Tennessee  Valley  Authority  (TVA),  the  Naval 
Research  Laboratory  (NRL),  and  the  Battel le.  Pacific  Northwest  Labora- 
tory (PNL) . 

The  lead  center  and  lead  laboratory  structure  of  the  Thermal  Energy 
Storage  Program  is  shown  below. 


THERMAL  ENERGY  STORAGE  PROGRAM  STRUCTURE. 
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THERMAL  ENERGY  STORAGE  SYSTEM  LEAD  CENTER  OVERVIEW 


A.  W.  Nice 

NASA  Lewis  Research  Center 


o 

o The  real  Storage  for 
Peeking  Power 
Generation  0 


Tech.  Transfer  to  Paper 
& Pulp 

Demo,  for  Food  Processing 
Industry 


a Sandia-LL 

(Solar  Thermal  Power) 

a SERI  (Advanced  Technology) 


o Develop.  & Oano.  for 
Selected  Industries 


o ORNL  (Building  Heating 
and  Cooling) 


THERMAL  ENERGY-STORAGE  PROJECT 


o 776-74-12  UTILITY  THERMAL  ENERGY  STORAGE  PROJECT 

o 776-71-43  THERMAL  ENERGY  STORAGE  PROJECT 
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THERMAL  ENERGY  STORAGE  PROJECT 


TITLE: 

NASA  CENTER: 
OBJECTIVE.- 

APPROACH: 

BINDING: 

COMMITMENT: 

RTOP  776-74- 12 


AGENDA 


PROGRAMMATIC  OVERVIEW 

o FY  79  PLANS  VS.  FY  79  ACCOMPLISHMENTS 
o FY  80  PLANS 
o RESOURCE  SUMMARY 
o ISSUES  AND  PROBLEMS 

CURRFNT  TASK  STATUS/RFSUI  TS 

o UTILITY  THERMAL  STORAGE 
o HIGH  TEMPERATURE  THERMAL  ENERGY  STORAGE 


THERMAL  ENERGY  STORAGE  PROJECT 
OVFRVIEW 

UTILITY  THERMAI  ENERGY  STQRAGF  SYSTEM  TFST  PROJECT 
LEWIS  RESEARCH  CENTER  (LeRC) 

TO  CONDUCT  A LARGE  SCALE  FIELD  TEST  OF  THE  MOST  ATTRACTIVE 
NEAR-TERM  THERMAL  ENERGY  STORAGE  (TES)  SYSTEM  INTEGRATED  KITH 
AN  OPERATIONAL  UTILITY  POKER  PLANT 

o SELECT.  CONCEPTUALLY  DESIGN.  AND  EVALUATE  THE  MOST  PROMISING 
SYSTEMS  FOR  UTILITY  APPLICATIONS 
o INITIATE  DEVELOPMENT  AND  PRELIMINARY  ENGINEERING  OF  A LARGE 
SCALE  FIELD  TEST  IN  AN  OPERATING  UTILITY 

IN-HOUSE  5T  CONTRACT  <£Z 

o PREPARATION  OF  PDP  TO  INITIATE  LARGE  SCALE  FIELD  TEST  IN 
AN  OPERATING  UTILITY 
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THERMAL  ENERGY  STORAGE  PROJECT 
OVERVIEW:  UTILITY  THERMAL  STORAGE 
SCHEDULE/ RESOURCES 


msm 

<■ 

FY  81 

FY  87 

UTILITY  TES  FIELD  JEST 
INITIATE  DEVELOPMENT  AND  FIELD 
TEST  PLAN  ACTIVITY 

DOE  APPROVAL  OF  PLAN  AND 
ESTABLISH  SOURCE  EVALUATION  BOARD 

REDEFINITION  TO  THERMAL  ENERGY 
STORAGE  WITH  COMPRESSED  AIR 
ENERGY  STORA.GE  SYSTEMS 

RESOURCES: 

m 

Activit 

Termlnat 

' ▼ 

y 

sd 

Contract 

Award 

1 Planned 

ictivity 

V 

terminated  July  79 
based  on  results  of 
utility  TES  study 
completed  under 
RTOP  776-71-43 

REIMBURSABLE  ($  MILLIONS)  ; 0.750 

! 

IN-HOUSE  MANYEARS  (EQUIVALENT)  \ Q.2 

-0- 

1.8 

RTOP  776-74-12 

THERMAI  ENFRGY  STORAGF  PROJECT 
OVFRV1EW:  Util  1TY  THERMAI  STORGF 

STATUS 

o APPLICATION  OF  TES  TO  A UTILITY  POWER  PLANT  WAS  DETERMINED  TO  BE  NOT 
ECONOMICALLY  VIABLE  AS  A RESULT  OF  A GE  STUDY  "CONCEPTUAL  DESIGN  OF 
THERMAL  ENERGY  STORAGE  SYSTEMS  FOR  NEAR-TERM  UTILITY  APPLICATIONS" 
PERFORMED  UNDER  RTOP  776-71-43 

o BY  AGREEMENT  WITH  DOE/EES  AND  DOE/STOR  THE  ACTIVITY  IS  BEING  REDEFINED 
TO  SUPPORT  THERMAL  ENERGY  STORAGE  FOR  COMPRESSED  AIR  ENERGY  STORAGE 
SYSTEMS 

RTOP  776-74-12 
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THERMAL  ENERGY  STORAGE  PRO.IFCT 
UTILITY  THFRMAI  STORAGE 
FY  80  PLANS 


OB.IFCTIVE:  PROVIDE  EXPERIMENTAL  EVALUATIONS  OF  THERMAL  ENERGY  STORAGE 

SYSTEMS  FOR  APPLICATION  TO  COMPRESSED  AIR  ENERGY  STORAGE  ANn 
OTHER  END-USE  SYSTEM  APPLICATIONS 

APPROACH:  o PROVIDE  A TES  FLOW  TEST  FACILITY  AND  COMPLETE  THE  EVALUATION 

OF  ONE  PEBBLE  BED  TES  CONCEPT  APPLICABLE  TO  COMPRESSED  AIR 
ENERGY  STORAGE 

o FLOW  TEST  FACILITY  DESIGN  TO  INCLUDE  CAPABILITY  FOR  TESTING 
SOLAR  AND  INDUSTRIAL  TES  CONCEPTS 

FUNDING:  o IN-HOUSE  jO^  CONTRACT  90? 

COMMITMENT:  PREPARE  FY  80  AOP  FOR  DOE/NASA  APPROVAL 


RTOP  776-74-12 

THERMAL  ENERGY  STORAGE  PROJECT 
UTILITY  THERMAL  STORAGE 
RESOURCE  SUMMARY 


BLZ& 

Em 

Em 

Em 

EY_82 

REIMBURSABLE  ($  MILLIONS) 

0.750 

- 

0.996(1) 

0.567 

0.567 

IN-HOUSE  MY  (EQUIVALENT) 

0.2 

1.8 

1.9 

1.5 

1.5 

0.750 

FY 

78 

-0.079 

FY 

78 

-0.500 

FY 

78 

-0.325 

FY 

80 

0.996 

FY 

80 

BA  RECEIVED  FROM  DOE/EES 
8 79  LeRC  COSTS 

BA  TRANSFERRED  TO  PNL  AT  DOE/EES  REQUEST,  OCT.  79 
BA  TO  BE  PROVIDED  BY  DOE/STOR  UNDER  RTOP  776-71-93 

BA 


RTOP  776-74-12 
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THERMAL  ENERGY  STORAGE  PROJECT 
UTILITY  THERMAL  STORAGE 
ISSUES  AND..  PROBLEMS 


o RECEIPT  OF  FY  80  BA  FROM  DOE/STOR  CONTINGENT  ON  LEAD  CENTER 
ROLE  DECISION 


RTOP  776-74-12 


THERMAL  FNERGY  STORAGE  PROJECT 
OVERVIEW 


TITLE:  HIGH  TEMPFRATURE  THFRMAL  FNERGY  STORAGE  PROJECT 

NASA  CENTFR:  LEWIS  RESEARCH  CENTER  (LeRC) 

OR.IFCT! VF : TO  DEVELOP  TECHNOLOGY  FOR  COST  AND  PERFORMANCE  EFFECTIVE  THERMAL 

ENERGY  STORAGE  SYSTEMS  FOR  ELECTRIC  POWER  GENERATION,  BUILDINGS 
AND  COMMUNITY  SYSTEMS,  TRANSPORTATION,  SOLAR  THERMAL  POWER,  AND 
INDUSTRIAL  APPLICATIONS 


APPROACH:  o CONTRACTS  LET  TO  INDUSTRY  TO  DEVELOP  TES  SYSTEMS  AND 

EVALUATIONS 

o SUPPORTING  R&T  IMPLEMENTED  TO  ESTABLISH  A TECHNOLOGY  BASE. 

IDENTIFY  NEW  CONCEPTS  AND  RESOLVE  GENERIC  PROBLEMS 
o EVALUATE  CANDIDATE  TES  CONCEPTS 

FUNDING:  IN-HOUSE  211  CONTRACT  1_ kZ 

COMMITMENT:  o PREPARE  PLANS  FOR  INDUSTRIAL  TES  APPLICATIONS 

o CONDUCT  SUPPORTING  R8T  INVESTIGATIONS 

o PREPARE  PLANS  FOR  SOLAR  THERMAL  POWER  SYSTEMS  TES  APPLICATION 


RTOP  776-71-43 
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THERMAL  ENERGY  STORAGE  PROJECT 
mmSL  JIM  TEMPERATURE  THERMAL  ENERGY  STORAGE  PROJECT 
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RTOP  776-71-43 


STATUS 


o ACTING  LEAD  CENTER  ACTIVITIES  IMPLEMENTED 
o SOLAR  MULTI-YEAR  TES  PLAN  COMPLETED 

o MASTER  BUY  PLAN  FOR  INDUSTRIAL  APPLICATIONS  APPROVED  BY  NASA  HEADQUARTERS, 
AUGUST  1979 

o INDUSTRIAL  APPLICATIONS  SOURCE  EVALUATION  BOARD  ESTABLISHED  AND  PROCUREMENT 
ACTIVITIES  IN  PROGRESS 

o TES  DEMONSTRATION  FOR  FOOD  PROCESSING  INDUSTRY  RFP  ISSUED 

o TECHNOLOGY  TRANSFER  TO  PAPER  AND  PULP  INDUSTRY  CONTRACT  PROPOSALS  IN 
EVALUATION 

o EXPERIMENTAL  STUDIES  OF  ACTIVE  HEAT  EXCHANGER  CONCEPTS  IN  PROGRESS 

0 SUPPORTING  R&T  STUDIES  FOR  FLUIDIZED  BED  CONCEPTS.  METAL  ALLOY  MEDIA  AND 
CARBONATE  SALT  MEDIA  IN  PROGRESS 

RTOP  776-71-43 


OBJECTIVES:  TO  DEVELOP  THE  TECHNOLOGY  FOR  COST  AND  PERFORMANCE  EFFECTIVE 

TES  FOR  DOE  IDENTIFIED  END-USE  APPLICATION  SECTORS 

APPROACH:  o AWARD  CONTRACTS  TO  INDUSTRIAL  TES  USERS  FOR  TECHNOLOGY 

DEMONSTRATIONS 

o IMPLEMENT  SUPPORTING  GENERIC  R&T  TO  IDENTIFY  NEW  CONCEPTS 
o PROVIDE  LEAD  CENTER  TECHNICAL  AND  RESOURCE  MANAGEMENT  TO  THE 
LEAD  LABORATORIES  FOR  SOLAR  THERMAL  POWER  SYSTEMS  APPLICA- 
TIONS. BUILDING  HEATING  AND  COOLING  APPLICATIONS  AND 
ADVANCED  TES  TECHNOLOGY 


FUNDING:  IN-HOUSE  US  CONTRACT  8&J 

NOTE:  LEAP  LABORATORIES  FUNDED  DIRECTLY  BY  DOE  HDQTRS  (6.200) 

COMMITMENT:  o COMPLETE  INDUSTRIAL  TES  DEMONSTRATION  CONTRACT  ACTIVITY 

o DEFINE  AND  IMPLEMENT  LEAD  CENTER  ASSIGNMENT  PENDING  DECISION 
ON  LEAn  CENTER  ROLE 
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THERMAL  ENERGY  STORAGE  PROJECT 
RFSOlIRf-F  SUMMARY 


FY  198Q 


REIMBURSABLE  ($  MILLIONS) 

A. 425 

IN-HOUSE  MY  (EQUIVALENT) 

14.5 

LEAD  LABORATORIES: 

o ORNL  (BUILDING  HEATING  AND  COOLING) 

1.500 

o SAND I A- LL  (SOLAR  THERMAL) 

5.500  ’ 

o SERI  (ADVANCED  TECHNOLOGY) 

1.200  „ 

6.200 

FUNDED  DIRECTLY 
BY  DOE  HDQTRS 


RTOP  776-71-43 

THERMAL  ENERGY  STORAGE  PROJECT 
ISSUES  AND  PROBLEMS 


ISSUE:  LEAD  CENTER  ROLE  DECISION 

PROBLEMS : o TIMELY  IMPLEMENTATION  OF  ROLE  IS  IN  JEOPARDY: 

- LEAD  CENTER/LEAD  LABORATORY  ROLES  AND  RESPONSIBILITIES 

HAVE  NOT  BEEN  DEFINED  AND  APPROVED  BY  COGNIZANT 
MANAGEMENTS 

- LEAD  CENTER  SHOULD  BE  ACTIVE  IN  FY  81  PROGRAM  TECHNICAL 

AND  RESOURCE  GUIDELINE  DEFINITIONS  WITH  HEADQUARTERS 
TO  PERMIT  TIMELY  LEAD  LABORATORY  AOP  PREPARATION 

o IF  DECISION  IS  TO  TERMINATE,  THE  TRANSITION  PROCESS  MUST 
BEGIN  SOON  TO  ASSURE  ORDERLY  TRANSFER  OF  CONTRACTUAL 
ACTIVITIES 
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THERMAL  ENERGY  STORAGE  PROJECT 


CURRENT  TASK 
STATUS/ RESULTS 


THERMAL  ENERGY  STORAGE  PROJECT 
UTILITY  THERMAL  ENERGY  STORAGE  PROJECT 


TASK:  PERFORM  A DETAILED  EVALUATION  OF  TES  FOR  MEETING  PEAK  POWER 

REQUIREMENTS  OF  ELECTRIC  UTILITIES.  TES  IS  MADE  A PART  OF  THE 
STEAM  ELECTRIC  GENERATING  PLANT.  STORING  THERMAL  ENERGY  FROM  STEAM 
OR  HOT  FEEDWATER  DURING  LOW  DEMAND  PERIODS  AND  USING  THE  THERMAL 
ENERGY  TO  GENERATE  ELECTRICITY  DURING  PEAK  DEMAND  PERIODS 

APPROACH:  THE  STEAM  TURBINE  MUST  BE  SIZED  TO  DELIVER  THE  UTILITY  PEAK  POWER, 

BUT  THE  STEAM  GENERATOR  CAN  BE  DESIGNED  AT  LESS  THAN  PEAK  POWER 
BY  USING  TES  TO  SUPPLY  ENERGY  TO  MATCH  THE  TURBINE  REQUIREMENTS. 
THEREFORE  STEAM  GENERATOR  COSTS  CAN  BE  LESS  IN  A STEAM  PLANT  WITH 
TES  THAN  IN  ONE  WITHOUT  TES  WHERE  IT  MUST  DELIVER  PEAK  POWER. 

TRADEOFF:  REDUCED  COSTS  AND  OFFSET  BY  THE  COST  OF  THE  TES  SYSTEM 


RTOP  776-74-12 
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THERMAL  ENERGY  STORAGE  PROJECT 
UTILITY  THERMAL  ENERGY  STORAGE  PROJECT 

METHOD:  OVER  AO  TES  CONCEPTS  HERE  EVALUATED  AND  EVENTUALLY  REDUCED  TO 

12  CONCEPTS  WHICH  HERE  THEN  APPLIED  TO  TWO  REFERENCE  PLANTS,  AN 
800  MW  PLANT  BURNING  HIGH  SULFUR  COAL  AND  AN  UNO  MW  PLANT  UTILIZING 
A LIGHT  HATER  NUCLEAR  REACTOR. 

RESULTS  OF  ANALYSIS  OF  PERFORMANCE  AND  COSTS  OF  THE  12  TES  PLANTS  LED 
TO  A SELECTION  OF  A OPTIONS  FOR  MORE  DETAILED  ANALYSIS. 

TES  MEDIA  AND  CONTAINMENT  EVALUATIONS  INCLUDED  HOT  OIL,  MOLTEN  SALT, 
ROCK,  HIGH  TEMPERATURE  HATER,  STEEL  PRESSURE  VESSELS,  PRESTRESSED 
CAST  IRON  VESSELS  AND  CONTAINMENT  IN  LINED  UNDERGROUND  CAVITIES. 


RTOP  776-74-12 

THERMAL  ENERGY  STORAGE  PRO.IFCT 
UTILITY  THERMAI  ENERGY  STORAGE  PROJECT 

SELECTED  TWO  OPTIONS  USE  HIGH  SULFUR  COAL  PLANTS  AMD  PEAKING  TURBINES  WITH 

OPTIONS:  STEAM  DRAWN  FROM  THE  CYCLE  AFTER  THE  HIGH  PRESSURE  TURBINE  DURING 

THE  OFF  PEAK  PERIOD.  TES  CONCEPTS  WERE  A BED  OF  ROCK  WITH  PORES 
FILLED  WITH  HOT  OIL  AT  LOW  PRESSURE  AND  AN  UNDERGROUND  CAVITY 
LINED  WITH  STEEL  TO  STORE  HOT  WATER  UNDER  HIGH  PRESSURE 

TWO  OPTIONS  USE  NUCLEAR  PLANTS  AND  THE  THERMAL  ENERGY  OF  HOT  FEED- 
WATER  IS  STORED  DURING  OFF  PEAK  PERIODS.  TES  CONCEPTS  WERE 
A PRESSURIZED  CAST  IRON  VESSEL  FOR  STORAGE  OF  HOT  FEEDWATER  AND 
DUAL  MEDIA.  HOT  OIL  AND  ROCK. 

ANALYSIS:  BASED  ON  THE  CONCEPTUAL  DESIGNS.  THE  COST  AND  PERFORMANCE  OF  THE 

FOUR  TES  SYSTEMS  AS  WELL  AS  THE  REFERENCE  “UCLEAR  AND  COAL  PLANTS 
WERE  DETERMINED. 
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THERMAL  ENERGY  STORAGE  PROJECT 
UTILITY  THERMAL  ENERGY  STORAGE  PROJECT 


tflNCI  USIONS:  o THE  LIMITED  PEAKING  CAPACITY  THAT  RESULTS  WITH  FEEDWATER 
ENERGY  STORAGE  (POWER  SWINGS  OF  1 lO-lSI)  REDUCES  THE 
BENEFIT  TO  THE  UTILITY 

o COAL  PLANTS  WITH  SEPARATE  PEAKING  TURBINES  ARE  SIGNIFICANTLY 
LOWER  IN  COST  THAN  THE  TES  NUCLEAR  PLANTS  BUT  CANNOT 
COMPETE  WITH  GAS  TURBINES  FOR  PEAKING  DUTY  AT  1500  HOURS  OF 
OPERATION  OR  LESS  PER  YEAR  UNLESS  OIL  BECOMES  UNAVAILABLE 
OR  INCREASES  SIGNIFICANTLY  IN  COST  (BASE  YEAR  - 1976) 


o THE  CAPITAL  INVESTMENT  REQUIRED  FOR  STORAGE  IS  GENERALLY  EOUAL 
TO  OR  GREATER  THAN  THAT  FOR  AT  LEAST  SOME  TYPES  OF  COMPLETE 
GENERATION  EQUIPMENT 

o NONE  OF  THE  FOUR  TES  SYSTEMS,  BASED  ON  THE  NEAR-TERM  DESIGNS 
OF  THIS  STUDY.  ARE  ECONOMICALLY  ATTRACTIVE  TO  UTILITIES. 

COST  REDUCTIONS  IN  THE  RANGE  OF  RO.T  ARE  REQUIRED  FOR  TES 
TO  BECOME  COMPETITIVE 


RTOP  776-74-12 

THERMAL  ENERGY  STnRAGE  PROJECT 
UT1IITY  THERMAL  ENERGY  STORAGE  PROJECT 

STATUS:  THE  ORIGINAL  INTENTION  OF  THIS  PROJECT  WAS  TO  PERFORM  A FULL  SCALE 

FIELD  TEST  OF  TES  INTEGRATED  WITH  A CONVENTIONAL  UTILITY  IF  STUDY 
SHOWED  TES  TO  BE  ECONOMICALLY  VIABLE 

SINCE  THIS  APPLICATION  WAS  FOUND  TO  BE  ONLY  MARGINALLY  COMPETITIVE. 
DOE/EES  RECOMMENDED  THAT  THE  PROJECT  ACTIVITY  BE  REDEFINED  TO 
SUPPORT  THERMAL  ENERGY  STORAGE  FOR  COMPRESSED  AIR  ENERGY  STORAGE 
SYSTEMS  (CAES) 

AN  AOP  IS  PRESENTLY  IN  PREPARATION  WHICH  PROVIDES  FOR  THE  DEVELOPMENT 
OF  A TES  FLOW  TEST  FACILITY  TO  SUPPORT  CAES  TECHNOLOGY.  THIS 
ACTIVITY  IS  COORDINATED  WITH  PACIFIC  NORTHWEST  LABORATORIES  WHO 
HAVE  BEEN  ASSIGNED  RESPONSIBILITY  FOR  CAES  DEVELOPMENT 

THE  PROPOSED  ACTIVITY  WILL  INITIALLY  PERMIT  EVALUATION  OF  A PEBBLE 
BED  CONFIGURATION  THAT  TRANSFERS  HEAT  BY  DIRECT  CONTACT  WITH 
COMPRESSED  AIR 
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ERMAL  ENERGY  STORAGE 
TEST  FACILITY  PROJECT 
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FISCAL  YEAR 

ACTIVITIES  1979  1980  1981  1982 
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urnmm  PROCESS  and  rf.iect  hfat  application 

TFCHNOI  flGY  TRANSFER  TO  PAPER/PULP  INDUSTRY 

OB  IFCT1VF:  DETERMINE  EXISTING  APPLICATIONS  OF  TES  IN  BOTH  THE  U.S.  AND 

INTERNATIONAL  PAPER  AND  PULP  INDUSTRIES.  OBTAIN  AND  ANALYZE  THE 
OPERATING  DATA  FROM  A REPRESENTATIVE  NUMBER  OF  THESE  MILLS.  AND 
TRANSFER  THE  INFORMATION  TO  THE  U.S.  PAPER  AND  PULP  INDUSTRY 

SOW  OUTLINE:  TASK  I INDUSTRY  SURVEY 

TASK  II  BENEFIT  ANALYSIS 

TASK  III  INFORMATION  DISSEMINATION 

STATUS:  RFP  ISSUED  JUNE  1979;  EIGHT  (8)  RESPONSES  RECEIVED  AND 

EVALUATED;  NEGOTIATIONS  ARE  IN  PROCESS;  AWARD  EXPECTED  BY  EARLY 
DECEMBER 

RTOP  776-71-43 


PAPER  AND  PULP 

BOEING  ESC/WEYERHAEIISER/SRI  INTERNATIONAL 


Heat  Sources  in  Paper  and  Pulp  Mill 

0 EXCESS  STEAM  FROM  HOG  FUEL  (HOOD  HASTE)  BOILER  DURING 
LOH  STEAM  DEMAND  PERIOD 


Energy  End  Use  Applications 
o process  steam 

0 FEEDHATER  HEATING 


Recovery/Storage/Reuse  System  Selected 

0 GENERATE  EXCESS  STEAM  DURING  LOH  DEMAND  PERIODS 
0 STORE  IN  STEAM  ACCUMULATOR 

0 PROVIDE  PROCESS  STEAM  DIRECTLY  OR  USE  FOR  FEEDHATER 
HEATING  DURING  HIGH  DEMAND  PERIODS 


RTOP  776-71-43 
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INDUSTRIAL  PROCESS  AND  REJECT  HEAT  SYSTEMS 

ENERGY  SUPPLY  CHARACTERISTICS  WITH  THERMAL  ENERGY  STORAGE 


PAPER  AND  PULP 


CONCLUSIONS: 

SYSTEM  IS  ECONOMICALLY  ANP  TECHNICALLY  FEASIBLE  ( 30%  ROD 

INDUSTRY  WIDE  CONSERVATION  POTENTIAL  IS  3 x 10c  BBL  01L/YR  (>1982) 

DEVELOPMENT  REQUIRED 
o NONE 


RTOP  776-71-43 
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INDUSTRIAL  PROCESS  AND  REJECT  HEAT  APPLICATIONS 
DEVELOPMENT  AND  TECHNOLOGY  DEMONSTRATION  FOR  SELECTED  NEAR-TERM 
IN-PLANT  APPLICATIONS 


OBJECTIVE:  DEVELOP  AND  DEMONSTRATE  THERMAL  ENERGY  STORAGE  SYSTEM  TECHNOLOGIES 
CAPABLE  OF  CONTRIBUTING  SIGNIFICANTLY  TO  ENERGY  CONSERVATION 
THROUGH  RECOVERY  AND  STORAGE  0C  INDUSTRIAL  PROCESS  AND  REJECT  HEAT 
FOR  SUBSEQUENT  USE 


APPROACH: 


o PERFORM  WORK  UNDER  COMPETITIVELY  AWARDED  PROCUREMENTS 
o COMPLETE  REQUIRED  SYSTEM  AND  COMPONENT  DEVELOPMENT 
o CONDUCT  TECHNOLOGY  DEMONSTRATION  TO  ACCELERATE  ACCEPTANCE 
BY  INDUSTRY 

o RESTRICT  SCOPE  TO  IN-PLANT  APPLICATIONS 
o EMPHASIZE  NEAR-TERM  ENERGY  CONSERVATION 
o MULTIPLE  AWARDS:  COST-SHARED  CONTRACTS 


SIATJJS: 


o WBS  AND  DRAFT  OF  SOW  PREPARED 
o MASTER  BUY  PLAN  APPROVED  BY  NASA  HEADQUARTERS 
o SOURCE  EVALUATION  BOARD  ESTABLISHED  AMD  MEETING 
o RFP  RELEASE  EXPECTED  IN  MID-DECEMBER 


RTOP  776-71-43 


INDUSTRIAL  PROCESS  AND  REJECT  HEAT  APPI  I CAT  I QMS 
DEVELOPMENT  AND  TECHNOLOGY  DEMONSTRATION  FOR  SELECTED  NFAR-TFRM 
IN-PLANT  APPI I CAT  IONS 


OBJECTIVE:  DEVELOP  THERMAL  ENERGY  STORAGE  SYSTEMS  CAPABLE  OF  CONTRIBUTING 

SIGNIFICANTLY  TO  ENERGY  CONSERVATION  THROUGH  RECOVERY  AND 
STORAGE  OF  INDUSTRIAL  PROCESS  AND  REJECT  HEAT  FOR  SUBSEQUENT  USE 


SOW  OUTI  INF:  TASK  1 

TASK  2 
TASK  3 
TASK  A 
TASK  S 
TASK  C 
TASK  7 
TASK  8 
TASK  9 
TASK  10 


CONCEPTUAL  SYSTEM  DESIGNS 

SYSTEM  AND  COMPONENT  DEVELOPMENT 

BENEFIT  ANALYSIS 

PRELIMINARY  ENGINEERING  DESIGN 

TECHNOLOGY  DEMONSTRATION  PLAN 

TECHNOLOGY  DEMONSTRATION  SYSTEM  DESIGN 

SYSTEM  FABRICATION.  INSTALLATION  AND  CHECKOUT 

PERFORMANCE  DEMONSTRATION  AND  EVALUATION 

TECHNOLOGY  TRANSFER 

PROJECT  MANAGEMENT 


RTOP  776-71-43 
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INDUSTRIAL  PROCESS  AND  REJECT  HEAT  APPI  1 CAT! DNS 
TECHNOLOGY  DEMQNSTRAION  FOR  FflflD  PROCESSING  INDUSTRY 
(SOLE  SOURCE:  H.  J.  HEINZ  COMPANY) 


OR.IECT1VE:  PERFORM  A TECHNOLOGY  DEMONSTRATION  OF  A THERMAL  ENERGY  STORAGE/ 

WASTE  HEAT  RECOVERY  (TES/WHR)  SYSTEM  IN  A FOOD  PROCESSING  PLANT 


SOW  OUTLINE: 


TASK  I SYSTEM  DEFINITION  REVIEW  AND  DEMONSTRATION  PLAN  OUTLINE 

TASK  2 TECHNOLOGY  DEMONSTRATION  SYSTEM  DESIGN 

TASK  3 SYSTEM  FABRICATION,  INSTALLATION  AND  CHECKOUT 

TASK  A PERFORMANCE  DEMONSTRATION  AND  EVALUATION 

TASK  5 TECHNOLOGY  TRANSFER 

TASK  C REPORTING 


STATUS:  SOLE  SOURCE  RFP  ISSUED  JUNE.  1979;  PROPOSAL  RECEIVED 

OCTOBER  1979:  AWARD  EXPECTED  BY  MID-DECEM3ER 


RTOP  776-71-43 

FOOD  PROCESSING 
HEST 1 NGHOUSE/HE 1 NZ 


Heat  Sources  in  Food  Processing  Plants 

0 HOT  WASTE  WATER  FROM  FOOD  PROCESSING 

Energy  End  Use  Applications 

0 EQUIPMENT  CLEAN  UP 

o preheat  incoming  water  for  food  processing 


Rfcovery/Storage/Rf-use  System  Selected 

0 CAPTURE  HEAT  FROM  WASTE  WATER 

0 STORE  25Z  IN  HOT  WATER  TANK;  USE  REST  FOR  PREHEAT 
0 USE  TOPPED-OFF  STORED  WATER  FOR  EQUIPMENT  CLEAN  UP 


RTOP  776-71-43 
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FOOD  PROCESSING  PLANT  ENERGY  RECOVERY  AND  STORAGE  SYSTEM 


RTOP  776-71-43 
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■FQDD-ER0CESSIM6 


CONCLUSIONS: 

SYSTEM  IS  ECONOMICALLY  AND  TECHNICALLY  FEASIBLE  (>  35Z  ROD 

INDUSTRY  WIDE  CONSERVATION  POTENTIAL  IS  1 x 10^  BBL  OIL/YR  (>  1982) 

DEVELOPMENT  REQUIRED 
o NONE 


RTOP  776-71-43 

SR&T  PROGRAM 


OBJECTIVES:  o ESTABLISH  ADVANCED  TECHNOLOGY  BASE 

o RESOLVE  GENERIC  TES  PROBLEMS 

o PROVIDE  EXPERIMENTAL  AND  ANALYTICAL  SUPPORT  FOR  TES  PROGRAM 


APPROACH: 


o IDENTIFY  NEW  CONCEPTS 
o ASSESS  SELECTED  CONCEPTS/APPLICATIONS 
o EXPERIMENTALLY  DETERMINE  MEDIA  PROPERTIES/CHARACTERISTICS 
o DEVELOP  HEAT  EXCHANGER  HARDWARE 
o EXPERIMENTALLY  EVALUATE  TES  MODULES 


RTOP  776-71-43 
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SUPPORTING  RESEARCH  AND  TECHNOLOGY 
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SEASONAL  THERMAL  ENERGY  STORAGE  PROGRAM 


James  E.  Minor 

Pacific  Northwest  Laboratory 


INTRODUCTION 


The  DOE  Division  of  Energy  Storage  Systems  is  responsible  for  formulating 
and  managing  research  and  development  in  energy  storage  technology.  As  one 
element  of  STOR  Division's  Thermal  Energy  Storage  Program,  Pacific  Northwest 
Laboratory  (PNL)  was  assigned  management  of  the  Seasonal  Thermal  Energy  Storage 
Program  in  April,  1979.  During  the  latter  part  of  FY  1979,  PNL  formed  a Program 
Office  for  this  purpose.  STES  Program  plans  were  formulated,  work  breakdown 
structure  developed,  and  existing  contract  work  reviewed.  The  experimental 
and  demonstration  work  of  the  Seasonal  Thermal  Energy  Storage  Program  will  be 
performed  by  industry,  PNL  and  other  DOE  laboratories,  and  universities. 

In  this  overview,  the  STES  Program  incentives,  objectives,  and  long  range 
implementation  plan  for  achieving  program  goals  are  described.  Procurements 
in  progress  in  the  Demonstration  Program  will  be  described  in  subsequent  papers. 
Specific  projects  contributing  to  technical  studies  will  be  discussed  by  PNL 
Program  staff  and  by  contractor  representatives. 


PROGRAM  INCENTIVES 


Storage  of  thermal  energy  is  expected,  in  the  near  term,  to  provide  a sig- 
nificant contribution  toward  achieving  the  goals  of  the  National  Energy  Plan. 

This  contribution  will  encourage  a shift  from  use  of  insufficient  or  costly 
fuels  such  as  oil  and  natural  gas  to  more  abundant  or  available  energy  sources 
such  as  coal,  solar,  and  nuclear  power.  Thermal  energy  storage,  when  incorpor- 
ated in  energy  supply  and  conservation  systems,  permits  efficient  and  economical 
use  of  intermittent  energy  sources  such  as  solar  or  off-peak  electrical  power. 
Thermal  storage  also  may  allow  use  of  waste  heat  from  industrial  and  utility 
sources . 

The  STES  Program  is  designed  to  demonstrate  the  storage  and  retrieval  of 
energy  on  a seasonal  basis,  using  heat  or  cold  available  from  waste  or  other 
sources  during  a surplus  period  to  reduce  peak  period  demand,  reduce  electric 
utility  load  problems,  and  contribute  to  the  establishment  of  favorable  econo- 
mics for  district  heating  and  cooling  systems  for  commercialization  of  the 
technology.  Aquifers,  ponds,  earth,  and  lakes  have  potential  for  seasonal 
storage.  The  initial  thrust  of  the  STES  Program  is  toward  utilization  of  ground- 
water  systems  (aquifers)  for  thermal  energy  storage. 

During  the  last  decade,  the  storage  of  thermal  energy  in  aquifers  has 
received  considerable  attention.  The  motivations  for  storing  large  quantities 
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of  thermal  energy  on  a long-term  basis  have  been  numerous  including:  a)  the 

need  to  store  solar  heat  that  is  collected  in  the  summer  for  use  in  the  winter 
months;  b)  the  cost  effectiveness  of  utilizing  heat  now  wasted  in  electrical 
generation  plants;  c)  the  need  to  profitably  use  industrial  waste  heat;  and 
d)  the  need  to  more  economically  provide  summer  cooling  for  buildings. 

Seasonal  aquifer  storage  should  contribute  significantly  to  satisfy  the  above 
needs.  Most  geologists  and  ground-water  hydrologists  agree  that  heated  and 
chilled  water  can  be  injected,  stored,  and  recovered  from  aquifers.  Geologic 
materials  are  good  thermal  insulators,  and  there  are  potentially  suitable 
aquifers  distributed  throughout  the  United  States.  Recent  studies  and  small- 
scale  field  experiments  have  reported  energy  recovery  rates  above  70  percent 
for  seasonal  storage.  The  U.S.  Department  of  Energy  predicts  that,  by  the 
year  2000,  seasonal  aquifer  storage  could  replace  or  conserve  up  to  350  million 
barrels  of  oil  per  year.  However,  successful  demonstration  of  large-scale 
aquifer  thermal  energy  storage  has  not  yet  been  attempted  and  the  concept's 
economic  feasibility  and  institutional  acceptability  have  yet  to  be  established. 

Many  potential  energy  sources  exist  for  use  in  an  aquifer  thermal  energy 
storage  system.  These  include  solar  heat,  power  plant  cogeneration,  winter 
chill,  and  industrial  waste  heat  sources  such  as  aluminum  plants,  paper  and 
pulp  mills,  food  processing  plants,  garbage  incineration  units,  cement  plants, 
and  iron  and  steel  mills.  For  heating,  energy  sources  ranging  from  50  to  over 
250°C  are  available.  Potential  energy  uses  include  space  heating  on  an  indi- 
vidual or  district  scale,  heating  for  industrial  or  institutional  plants  and 
heat  for  processing/manufacturing. 


PROGRAM  OBJECTIVES 


The  objective  of  the  Seasonal  Thermal  Energy  Storage  (STES)  Program  is  to 
demonstrate  the  economic  storage  and  retrieval  of  energy  on  a seasonal  basis, 
using  heat  or  cold  available  from  waste  sources  or  other  sources  during  a sur- 
plus period  to  reduce  peak  period  demand;  reduce  electric  utilities  peaking 
problems;  and  contribute  to  the  establishment  of  favorable  economics  for  district 
heating  and  cooling  systems.  Aquifers,  ponds,  earth,  and  lakes  have  potential 
for  seasonal  storage.  The  initial  thrust  of  the  STES  Program  is  toward  utili- 
zation of  ground-water  systems  (aquifers)  for  thermal  energy  storage. 

The  program  has  the  further  objective  of  evaluating  other  methods  of 
seasonal  storage,  both  from  existing  literature  and  by  following  current  work 
in  other  countries.  New  program  thrusts  may  be  recommended  as  a result  of  these 
studies . 


PROGRAM  IMPLEMENTATION 


The  STES  Program  is  divided  into  an  Aquifer  Thermal  Energy  Storage  (ATES) 
Demonstration  Task  and  a parallel  Technical  Support  Task.  Seasonal  storage 
in  aquifers  will  be  evaluated  in  the  ATES  Demonstration  Task,  beginning  with 
the  conceptual  design  of  site-specific  systems  and  operation  of  a smaller  number 
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of  demonstration  projects.  The  basic  function  of  such  an  energy  storage  system 
is  to  accept,  store,  and  discharge  energy  in  accordance  with  availability  and 
demand.  Thus,  the  aquifer  storage  system  provides  a buffer  between  the  time- 
dependent  energy  inputs  and  thermal  loads  or  outputs.  An  aquifer  thermal 
energy  storage  system  is  an  integrated  system  consisting  of  an  energy  source, 
thermal  transport,  a storage  aquifer,  and  a user  application.  Energy  may  be 
supplied  for  storage  from  a solar  collector,  heat  pump,  industrial  heat  source, 
a cogeneration  power  plant,  or  other  sources.  Conversely,  chilled  water  may 
be  supplied  and  stored  for  future  uses  in  air  conditioning. 

In  response  to  a Request  for  Proposal  (RFP) , prospective  contractors  will 
submit  proposals  for  ATES  Demonstration  Project  conceptual  designs  (Phase  I) . 

The  contractors  will  develop  conceptual  designs  for  integrated  systems  con- 
taining energy  source,  thermal  transport,  aquifer  storage,  and  user  subsystems. 
Aquifers  will  be  characterized  by  geologic  exploration  and  analysis  of  existing 
data.  Functional  design  criteria  will  be  developed  for  each  subsystem  and  for 
the  integrated  systems.  From  the  functional  design  criteria  and  the  aquifer 
characterization  reports,  proposals  will  be  evaluated  for  continuing  work  in 
Phase  II.  Phase  II  is  the  detailed  design,  construction,  startup,  and  opera- 
tion of  ATES  Demonstration  Projects.  Timing  of  this  task  is  shown  in  Figure  1. 

The  parallel  Technical  Support  Task  is  designed  to  provide  support  to  the 
overall  STES  Program.  The  initial  activities  of  this  task  are  primarily  direct- 
ed toward  support  of  the  ATES  Demonstration  Task.  These  activities  will  include 
social,  economic,  environmental  assessment,  and  technical  research  and  develop- 
ment studies  to  provide  a sound  technical  base  for  the  demonstration  projects. 

The  long-range  task  goals  include  investigation  and  evaluation  of  other  seasonal 
thermal  energy  storage  concepts  which  may  be  considered  for  future  emphasis. 

It  is  the  intent  of  the  Technical  Support  Task  to  reduce  technological  barriers 
to  the  development  of  energy  storage  systems  prior  to  the  significant  invest- 
ment in  demonstration  or  commercial  facilities.  Through  research  and  testing 
on  novel  storage  concepts,  aquifer  characteristics,  system  designs,  and  system 
operating  criteria,  this  task  can  assist  developers  in  obtaining  a successful 
energy  storage  facility.  This  task  is  designed  to  not  only  provide  technological 
information  on  energy  storage  systems,  but  also  to  assist  in  identifying  systems 
which  are  economically  sound,  environmentally  acceptable,  and  within  existing 
legal  and  institutional  constraints. 

A major  function  under  the  Technical  Support  Task  is  development  of  one 
or  more  Leading  Edge  Test  Facility(s)  (LETF) . The  LETF  is  a site  or  sites 
established  to  test  heating  and/or  chilling  technologies  for  energy  storage  in 
aquifers.  This  facility  is  the  forerunner  of  demonstration  projects  for  aquifer 
thermal  energy  storage.  As  a forerunner,  the  facility  will  assist  in  the 
development  of  energy  storage  technology  through  research  and  development  acti- 
vities. This  facility  will  have  the  capability  of  performing  full-scale  tests 
on  both  heating  and  chill  energy  storage  technologies.  More  than  one  LETF  may 
be  required.  The  aquifer  requirements  (confined  versus  unconfined) , heat 
sources  and  end  uses  of  low-temperature  versus  high-temperature  storage  concepts 
may  necessitate  the  use  of  more  than  one  leading  edge  unit. 
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The  Seasonal  Thermal  Energy  Storage  (STES)  Program  will  involve  industry, 
other  Department  of  Energy  (DOE)  laboratories,  and  universities.  Major  tasks 
and  subtasks  of  the  program  are  shown  in  Figure  2.  Figure  2 also  shows  the 
responsible  organizations  working  on  the  subtasks.  Figure  3,  the  Network 
Diagram,  shows  the  coordination  of  effort  planned  to  meet  program  objectives. 
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FIGURE  I.  AQUIFER  THERMAL  ENERGY  STORAGE  PROGRAM 
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COMPLETE  PHASE  II 


FIGURE  2.  STES  PROGRAM  ORGANIZATION 
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(«1) 


PROGRAM  DEFINITION  AND  ASSESSMENT 


An  essential  function  related  to  management  of  the  overall  thermal 
energy  storage  program  is  that  of  program  definition  and  assessment. 

The  major  emphasis  in  this  activity  is  the  implementation  of  a program 
level  assessment  of  thermal  energy  storage  technology  thrusts  for  the 
near  and  far  term  to  assure  an  overall  coherent  energy  storage  program. 
Included  is  the  identification  and  definition  of  potential  new  thermal 
energy  storage  applications,  definition  of  technology  requirements, 
appropriate  market  sectors.  This  activity  also  includes  the  necessary 
coordination,  planning  and  preparation  associated  with  program  reviews, 
workshops,  multi-year  plans  and  annual  operating  plans  for  the  major 
lead  laboratory  tasks.  SERI  assessment  tasks  will  be  coordinated  and 
integrated  into  this  activity. 
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PROGRAM  DEFINITION  AND  ASSESSMENT 
OVERVIEW 

Larry  H.  Gordon 
NASA  Lewis  Research  Center 


The  activities  described  in  this  program  area  assume  that  LeRC  is 
performing  the  lead  center  function  for  the  DOE  Thermal  Energy  Storage 
Project  and  therefore,  include  those  functions  related  to  management  of 
the  lead  laboratories.  A primary  emphasis  is  placed  on  the  implementation 
of  overall  program  definition  and  associated  thermal  energy  storage  system 
evaluations.  In  this  context  the  objectives  are:  1)  to  provide  overall 

TES  program  guidance  and  2)  to  ensure  timely  developments/demonstrations. 
To  achieve  these  objectives,  a competitive  contract  would  be  awarded  which 
would  consist  of  the  following: 

a.  Conducting  a supporting  analysis  of  the  current  program  areas 
with  major  emphasis  on  solar  thermal  applications.  Storage 
alternatives  will  be  identified  along  with  technology 
requirements.  Value  comparisons  will  be  performed  and 
commercialization  requirements  will  be  identified. 

b.  Identifying  new  applications  and  their  technology  requirements. 
New  storage  concepts  defined  and  economic  evaluation  will  be 
performed.  Suitable  demonstrations  will  be  recommended  in  those 
application  areas  offering  potential  for  substantial  ROI. 

c.  Assuring  overall  integration  and  coordination  of  thermal  storage 
developments  with  the  appropriate  DOE  end-use  divisions.  This 
task  will  include  assessments  of  technical  progress,  coordination 
of  development  goals,  and  milestones.  Particular  attention  will 
be  given  to  the  impact  of  environmental  requirements. 

As  shown  in  Figure  1,  the  Thermal  Storage  Program  develops  reliable, 
efficient,  inexpensive  storage  technologies  to  support  other  DOE  or 
private  sector  end-users  in  their  substitution  and  energy  savings 
missions.  Within  DOE  this  is  accomplished  by  technology  transfer 
agreements  between  STOR  and  the  respective  end-use  divisions.  The  lead 
center  is  responsible  for  ensuring  that  the  milestones,  resources,  and 
technology  transfers  are  accomplished.  Initially,  an  energy  storage 
program  assessment  is  performed  for  a particular  application  area.  If 
this  assessment  indicates  that  thermal  energy  storage  is  competitive  with 
respect  to  other  storage  technologies  (batteries,  flywheels,  etc.),  then 
the  objective/ goals  can  be  defined  for  a project  area.  The  lead 
laboratory  provides  the  necessary  management  to  implement  the  project  and 
provide  the  necessary  technology  for  transfer  to  the  end-user. 
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Lead  laboratory  project  structure  generally  takes  a form  similar  to  that 
shown  in  Figure  2.  System  studies  are  application  oriented  and  consist  of 
concept  identification,  technoeconomic  assessments,  and  conceptual  design 
studies.  Concept  development  activities  include  development  of  storage 
concepts  to  the  point  of  establishing  the  technical  feasibility  and 
assessing  the  concepts  based  on  general  application  requirements. 
Establishing  technical  feasibility  involves  both  concept  feasibility 
studies  and  small-scale  laboratory  experiments. 

The  subsystem  development  phases  culminates  with  technology  readiness  or 
technology  validation  for  the  storage  subsystem.  Activities  include 
subsystem  definition,  engineering  development,  and  subscale  research 
experiments  (SRE's).  Throughout  these  various  project  phases  continuous 
efforts  are  directed  toward  generic  advanced  technology  and  exploratory 
research  studies  thus  providing  a supporting  research  and  technology  base. 

To  examine  how  program/project  assessments  relate  to  and  influence  the 
project  structure,  let  us  use  the  electric  utility  application  area  as  an 
example.  Approximately  four  (4)  years  ago,  an  assessment  of  "Energy 
Storage  Systems  Suitable  for  Use  by  Electric  Utilities"  was  made  by  Public 
Service  Electric  and  Gas  Company  of  New  Jersey  (ref.  1).  The  specific 
objectives  of  this  program  assessment  for  DOE  (ERDA)  and  the  Electric 
Power  Research  Institute  were: 

o Identify  the  potential  effect  of  energy  storage  on  the  electric 
utility  systems  of  the  United  States. 

o Determine  the  status  of  development  and  the  feasibility  of 

commercialization  of  candidate  energy  storage  technologies,  and 
establish  their  key  technical  and  cost  characteristics. 

o Evaluate  the  relative  merits  of  energy  storage  options  on  the 
basis  of  economic,  operational,  and  environmental  factors. 

o Identify  research  and  development  needed  to  advance  the  various 
storage  technologies. 

Based  on  this  assessment,  one  of  the  major  findings  was  that  with 
sufficient  off-peak  energy  available  from  baseload  coal  and  nuclear 
capacity,  energy  storage  could  provide  generating  capacity  for  up  to  17 
percent  of  peak  load  demand  (kW).  An  energy  storage  technology  which  was 
considered  to  be  competitive  with  conventional  pumped  hydro  was  thermal 
energy.  Hence,  a DOE  (ERDA)  project  was  created  for  thermal  energy 
storage  in  peak  following  electric  utility  applications.  (See  example 
inserts  in  Figure  1). 
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The  first  project  assessment  conducted  as  part  of  the  system  studies  phase 
was  performed  by  Bechtel  Corp  (ref.  2).  For  near-term  utility 
applications  it  was  felt  that  thermal  energy  storage  could  be  easily 
"retrofitted"  to  existing  power  plants.  However,  the  project  assessment 
concluded  that  high  capital  costs  and  long  retrofit  downtimes  negated  the 
use  of  thermal  energy  storage.  On  a positive  side,  it  was  recommended 
that  thermal  energy  storage  might  be  attractive  for  "new  construction" 
coal  and  nuclear  power  plant  application.  A second  assessment  for  New 
Plant  Thermal  Energy  Systems  was  performed  by  General  Electric  (ref.  3). 

This  "new  plant"  assessment  was  quite  extensive  and  examined  some  50+ 
technologies  applicable  to  thermal  energy  storage  subsystems.  From  this 
matrix,  twelve  (12)  concepts  were  selected  for  a detailed  technoeconomi c 
assessment  as  shown  in  Figure  3.  Conceptual  designs  of  four  selected  TES 
system  concepts  were  integrated  into  conventional  base  loaded  plant 
designs.  These  concepts,  as  indicated  on  Figure  3,  were  as  follows: 

a.  A dual  media,  sensible  heat,  thermal  energy  storage  integrated 
with  a high  sulfur  coal  power  plant  and  supplying  steam  to  a 
separate  peaking  power  conversion  system. 

b.  An  underground,  high  temperature  water,  thermal  energy  storage 
integrated  with  a high  sulfur  coal  power  plant  and  supplying 
steam  to  a separate  peaking  power  conversion  system. 

c.  An  above  ground,  high  temperature  water,  thermal  energy  storage 
integrated  with  a Pressurized  Water  Reactor  power  plant  and 
supplying  boiler  feedwater  preheat. 

d.  A dual  media,  sensible  heat,  thermal  energy  storage  integrated 
with  a Pressurized  Water  Reactor  power  plant  and  supplying  boiler 
feedwater  preheat. 

Nevertheless,  the  bottom  line  of  this  assessment  concluded  that  load 
leveling  thermal  storage  is  only  marginally  competitive  with  baseload, 
coal  fired,  cycling  plants. 

How  the  results  of  the  Bechtel  and  General  Electric  assessments  affected 
the  "Peak  Following  Thermal  Storage  for  Steam  Electric  Power"  project  is 
graphically  shown  in  Figure  4.  Based  on  the  "negative"  and  "marginally 
competitive"  assessments,  the  planned  concept  development  and  technology 
validation  phase  of  the  project  were  redefined.  Future  development 
activities  for  utilities  will  be  directed  toward  compressed  air  energy 
storage  (CAES).  CAES  incidentally,  was  also  a competitive  storage 
technology  identified  by  the  PSE&G  Program  assessment. 
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To  further  emphasize  the  scope  of  these  assessments,  an  on-going  program 
assessment  for  Solar  Applications  Analysis  for  Energy  Storage' will  be 
reviewed  by  the  Aerospace  Corporation.  In  addition,  the  various  project 
assessments  required  for  TES  in  Solar  Thermal  Electric  Power  Applications 
will  be  reviewed  by  Sandia  Laboratory  Livermore,  The  importance  of  all  of 
these  assessments  cannot  be  over-emphasized  as  a primary  means  of  meeting 
the  objectives  of  this  Program  Definition  and  Assessment  activity. 

Another  input  used  to  achieve  the  activity's  objectives  is  to  periodically 
have  an  independent  review  of  the  Thermal  Storage  Program.  Specifically, 
for  this  program  review,  a committee  was  established  and  was  charged  to 
provide  DOE/STOR  and  its  management  centers  with  a broad,  objective  review 
of  the  goals,  content,  and  accomplishments  of  the  Thermal  Energy  Storage 
Program.  In  this  review,  the  committee  was  directed  to: 

o Include  all  thermal  energy  storage  subsystem  technologies 

(containment,  heat  exchange,  media,  controls,  and  institutional 
constraints)  and  technologies  for  heat  transport. 

o Exclude  thermochemical  heat  pump  storage  subsystems. 


And  for  consistency,  the  following  definitions  were  noted: 


Buffering  Storage 
Diurnal  Storage 

Long  (Seasonal)  Duration  Storage 
Near-Term  Time  Frame 
Mid-Term  Time  Frame 
Far -Term  Time  Frame 


1/2  to  2 hours 
2 to  12  hours 
Greater  than  12  hours 
1980  to  1985 
1985  to  1990 
1990  and  beyond 


The  review  committee  consisted  of  eleven  (11)  members  representing  a 
cross-section  of  state  energy  departments,  academia,  DOD,  EPRI,  and  the 
National  Research  Council.  Members  or  their  representatives  are  listed  in 
Figure  5.  Prior  to  this  meeting,  specific  questions  to  be  addressed  by 
the  committee  were  generated.  These  questions,  noted  in  Figures  6-7,  will 
serve  as  the  basis  not  only  for  discussion  by  the  cormiittee  but  also  for 
open  discussions  throughout  the  two  day  program  meeting.  Responses  will 
be  reported  in  the  proceedings  for  this  program  review. 
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TES  REVIEW  COMMITTEE 


QUESTIONS : 

1.  IF  STOR  HAD  TWICE  THE  FUNDING,  WHAT  PROGRAMS  SHOULD  BE  INCREASED?  WHAT  NEW  PROJECTS  SHOULD 
BE  INITIATED? 

2.  IF  STOR  PROGRAMS  WERE  REDUCED  BY  Oft  HALF,  WHAT  PROGRAMS  SHOULD  BE  REDUCED?  WHAT  PROGRAMS 
SHOULD  BE  DELETED? 

3.  ARE  STOR  PROGRAMS  MISSION  ORIENTED? 

o DOES  THE  REVIEW  COtHITTEE  SEE  REAL  WORLD  APPLICATIONS  FOR  ALL  TECHNOLOGIES? 

A.  NEAR-TERM  PROJECTS  IN  THE  INDUSTRIAL,  SOLAR  THERMAL  ELECTRIC,  AND  BUILDING  HEATING/COOLING 
APPLICATION  SECTORS  REQUIRE  HEAVY  BUDGET  OUTLAYS  RESULTING  IN  DE-EMPHASIZING  LONG-TERM, 

BASE  TECHNOLOGY  WORK. 

a.  DO  WE  HAVE  A PROPER  FUNDIN6  BALANCE  OF  LONG-TERM  VS.  NEAR-TERM?  IF  NOT.  WHAT 
SHOULD  BE  CHAN6ED? 

a.  IS  THERE  A PROPER  FUNDIN6  BALANCE  AMONG  THE  NEAR-TERM  PROJECTS? 

c.  DO  YOU  PERCEIVE  AN  ADEQUATE  DEVELOPMENT  TECHNOLOGY  BASE  THAT  WILL  LEAD  TO 
DEVELOPMENT  OF  NEW  TECHNOLOGY  INITIATIVES  IN  THE  FUTURE?  IF  NOT,  WHAT 
SUGGESTIONS? 

5.  WHAT  SHOULD  STOR  BE  LOOKING  FOR  IN  INTERNATIONAL  COOPERATIVE  PROGRAMS  AID  WHAT  SHOULD 
STOR  BE  PROTECTING  IN  INTERNATIONAL  NEGOTIATIONS? 

6.  WHAT  ARE  THE  BEST  MECHANISMS  FOR  TRANSFERS  TECHNOLOGY  TO  THE  CQffERCIAL  BASE? 

7.  HOW  DO  WE  DECIDE  WHEN  ACTIVITIES  ARE  READY  FOR  TRANSFER? 

8.  WHAT  ARE  YOUR  OVERALL  IMPRESSIONS  OF  THE  PROGRAM: 

o FOCUS,  BALANCE,  DIRECTION? 
o TIMELINESS? 
o USEFULNESS? 

9.  WHAT  ODER  KEY  QUESTIONS  DO  YOU  THINK  THIS  REVIEW  COfWTTEE  SHOULD  ADDRESS?  DO  YOU 
THINK  THERE  ARE  BETTER  WAYS  TO  RUN  THIS  REVIEW  COWITTEE? 

10.  DO  YOU  HAVE  ARY  SUGGESTIONS  FOR  IMPROVING  THIS  CONFERENCE  AM)  OTHER  INFORMATION 
EXCHANGE  MEETINGS? 


FIGURE  6-7 
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SOLAR  APPLICATIONS  ANALYSIS  FOR  ENERGY  STORAGE 
T.  Blanchard 

DOE/STOR  Aerospace  Corporation 


The  Department  of  Energy,  Division  of  Energy  Storage  Systems  (STOR)  recently  started  an 
analysis  of  the  role  of  energy  storage  as  it  relates  to  solar  energy  systems  to  1)  determine 
where  storage  technologies  can  best  support  solar  energy  applications,  2)  assess  the  current 
status  of  storage  technologies,  3)  establish  requirements  and  specifications  for  storage 
technologies  and  4)  evaluate  the  adequacy  of  the  current  storage  RGD  program  to  meet  these 
requirements.  The  basic  objective  of  the  study  is  to  determine  where  the  greatest  potential 
exists  for  energy  storage  in  support  of  those  solar  energy  systems  which  could  have  a 
significant  impact  on  the  U.  S.  energy  mix.  Such  a determination  could  consequently  provide 
program  guidance  as  to  how  STOR  can  best  expand  their  R5D  resources  to  meet  this  potential. 

The  four  parts  of  the  study  can  be  seen  on  the  facing  chart.  The  first  will  be  the 
determination  of  the  spectrum  of  roles  for  solar  energy  storage  technologies.  This  will 
include  an  evaluation  of  the  potential  impact  of  solar/storage  systems  to  displace  fossil 
fuel  systems.  The  second  part  will  look  at  ongoing  and  completed  solar/storage  assessments 
to  determine  their  adequacy  and  validity  and  will  identify  specific  requirements  and  goals 
for  storage  technologies.  Specific  operational  properties  of  storage  technologies,  as  well 
as  the  system  performance  and  cost  goals  required  to  meet  the  solar  program  needs,  will  be 
identified.  The  above  information  will  then  be  utilized  to  determine  the  adequacy  of  the 
STOR  R5D  program,  and  recomnendations  will  be  made  for  supplementing  or  altering  the  STOR 
multiyear  program  plan,  as  needed. 


SOLAR  APPLICATIONS  ANALYSIS  FOR  ENERGY  STORAGE 


What  do  he  hope  to  achieve  during  this  analysis  of  solar  applications  and  their 

REQUIREMENTS  FOR  ENERGY  STORAGE? 

• An  ANALYSIS  OF  THE  SPECTRUM  OF  SOLAR  ACTIVITIES  AND  APPLICATIONS  TO 
DETERMINE  THEIR  NEEDS  FOR  ENERGY  STORAGE,  SENSITIVITY  TO  THE  AVAILABILITY 
AND  PROPERTIES  OF  STORAGE,  AND  POTENTIAL  IMPACT  OF  THE  SOLAR/STORAGE 
SYSTEMS  ON  FOSSIL  FUEL  USE 

• Bring  together  both  solar  and  storage  program  researchers  to  assess  the 

RESULTS  OF  ONGOING  AND  COMPLETED  EFFORTS  AND  DEVELOP  ADDITIONAL 
PARAMETRIC  DATA  TO  IDENTIFY  REQUIREMENTS  AND  GOALS  FOR  STORAGE  TECHNOLOGIES 
IN  SUPPORT  OF  SOLAR  PROGRAMS 

• Identification  of  specific  energy  storage  properties,  desired  features  and 
performance/cost  goals  in  order  to  meet  the  needs  of  solar  programs 

• Within  the  context  of  TEA  activities  generate  decision  criteria  nith 

HHICH  TO  EVALUATE  THE  ADEQUACY  OF  STORAGE  TECHNOLOGIES  MULTI  YEAR 
PROGRAMS  PLANS  WITH  RESPECT  TO  THEIR  SUPPORT  OF  PROPOSED  SOLAR  PROGRAMS 
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The  study  is  planned  to  be  completed  in  about  24  months  and  consists  of  three  specific 
tasks,  applications  analysis,  storage  technology  and  systems  analysis,  and  solar  and  storage 
systems  assessment.  The  relationship  of  energy  storage  to  both  the  user  and  the  energy 
source  will  be  addressed  and  input/output  requirements  and  energy  source/user  relationships 
will  be  used  to  establish  characteristic  storage  data. 

In  order  to  determine  the  need  for  energy  storage  and  desired  system  properties,  i.e., 
size,  storage,  density,  etc.,  interactions  between  the  user  and  solar  energy  source  must 
be  examined  and  specific  items  of  information  determined.  These  required  data  inputs  and 
analysis  represent  those  that  must  be  developed  in  order  to  generate  rationale  and  tradeoffs 
necessary  to  determine  goals  and  requirements  of  storage  systems.  Much  of' this  information 
has  been  developed  in  prior  solar  program/project  studies  that  have  addressed  the  problem 
of  storage  from  a limited  perspective  or  economic  viewpoint ’that  possibly  presupposed  the 
need  for  storage.  The  multitude  of  separate  solar  projects  that  have  addressed  energy 
storage  must  be  reviewed  to  determine  the  level  to  which  storage  had  been  considered  and 
the  availability  of  information  to  develop  storage  requirements.  In  those  areas  lacking 
sufficient  information,  special  studies  will  be  proposed  to  develop  the  needed  data. 
Parametric  analyses  will  also  be  required  to  examine  the  influence  of  energy  storage 
characteristics  on  the  economic  and  performance  aspect  of  solar  applications.  The  results 
of  the  parametric  studies  can  be  used  to  establish  driving  or  highly  leveraged  storage/solar 
application  categories  in  terms  of  performance  or  economy.  The  identification  of  this  type 
of  sensitivity  information  is  essential  in  developing  an  overall  set  of  goals  and  require- 
ments for  energy  storage. 


STUDY  APPROACH 

TASK  I APPLICATIONS  ANALYSIS 

REVIEW  & SCREEN  ENERGY  SOURCE/USER  DATA  FROM  ONGOING  AND  COMPLETED  SOLAR 
PROGRAM  EFFORTS 

Review  to  assess  level  of  storage  consideration 
Analyze  storage  system  specifications/requirements 
Consolidate  specifications/requirements 

TASK  II  STORAGE  TECHNOLOGY  AND  SYSTEMS  ANALYSIS 

ASSESS  THE  ABILITY  OF  CURRENT  STORAGE  TECHNOLOGY  PROGRAMS  TO  MEET 
REQUIREMENTS/GOALS 

Develop  candidate  storage  options  8 characteristics 

Evaluate  and  assess  previous  analyses  of  options 

Special  Studies:  Economic,  technical,  institutional,  environmental 

Summarize  assessment  of  each  application  category 

TASK  III  SOLAR  AND  STORAGE  SYSTEMS  ASSESSMENT 
RECOMMEND  STORAGE  R&D  EFFORTS 

Assess  Task  I & II  efforts  to  determine  status  of  storage  technologies 
to  meet  requirements  of  solar  applications 
Recommend  R&D  Programs 
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Overall  guidance  and  management  of  the  study  is  being  provided  by  STOR's  Technical 
and  Economic  Analysis  Branch  and  by  The  Aerospace  Corporation.  Technical  expertise  and 
support  required  in  reviewing  solar  program  data  and  in  performing  required  special  studies 
will  be  provided  through  the  use  of  an  Application  and  Storage  Advisory  Panel  which  includes 
three  subpanels  for  specific  storage  technology  assessments.  Due  to  the  cross-section  of 
solar  programs  and  offices  involved,  membership  in  the  Applications  and  Storage  Advisory 
Panel  is  quite  broad  and  includes  representation  from  DOE,  and  the  National  and  Solar 
Laboratories . 

Technical  support  for  the  study  is  solicited  mainly  from  these  National  and  Solar 
Laboratories;:  however,  representatives  from  the  university  and  industrial  sectors  will  be 
utilized  as  needed  to  provide  specific  expertise. 


Organizational  Structure 
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As  mentioned  earlier,  .the  study  is  currently  planned  to  conclude  in  about  two  years 
during  which  time  recommendations  would  be  made  for  inclusion  in  the  STOR  program  planning 
cycle.  However,  as  a means  for  providing  some  near  term  guidance  to  STOR,  a workshop  was 
held  in  November,  1979,  This  workshop  was  attended  by  representatives  from  DOE  and  the 
National  and  Solar  Laboratories  as  well  as  academic  and  industrial  sector. 

The  workshop  was  conducted  to  identify  the  areas  where  the  use  of  energy  storage 
systems  could  have  some  impact  upon  the  applications  of  solar  energy  sources  and  to  select 
several  which  could  have  a near  term  impact  for  either  displacing  a portion  of  the  fossil 
fuel  energy  sector  or  for  providing  a noticeable  effect  on  the  conservation  of  existing 
energy  resources.  First,  the  three  dimensional  matrix  seen  on  the  facing  figure  was  to  be 
completed  to  identify  which  solar  sources  are  most  appropriate  to  provide  energy  for  the 
identified  applications  areas,  and  those  storage  technologies  which  best  support  the  solar 
energy/ application  combinations.  One  sample  matrix,  for  Residential-Single  Family 
applications,  was  completed  during  the  workshop.  The  development  of  a methodology  for 
completing  the  matrixes  was  a meaningful  product  of  the  workshop  and  the  matrixes  for  the 
other  applications  areas  will  be  completed  in  the  near  future  by  the  workshop  participants. 


Solar  Applications/Energy  Storage  Matrix 


Solar  Energy 
Applications 

Residential— Single  Family 
Commercial 
Community/Central 
Industrial/  Agricultural 
Transportation 


Solar  Technologies 

Photochemical 
Photovoltaic 
Solar  Thermal 
Wind 


Energy  Storage 
Technologies 

Electrical 

Chemical/Thermochemical 

Thermal 

Mechanical 


Biomass 

OTEC 

Hydromechanical 
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THERMAL  ENERGY  STORAGE  SYSTEMS  USING  FLUIDIZED  BED  HEAT  EXCHANGERS 

V.  Ramanathan,  T.  E.  Weast,  and  K.  P.  Ananth 
Midwest  Research  Institute 


PROJECT  OUTLINE 


Project  Title:  TES  Utilizing  Fluidized  Beds  Assessment 

Principal  Investigator:  Dr.  K.  P.  Ananth 

Organization:  Midwest  Research  Institute 

425  Volker  Boulevard 
Kansas  City,  MO  64110 

Project  Goals:  The  objective  of  this  project  is  to  identify  and  analyze 

the  operation,  characteristics  and  economics  of  potential 
thermal  energy  storage  applications  using  fluidized  bed 
heat  exchangers. 

Project  Status:  Identify  potential  fluidized  bed  concepts  for  thermal 

energy  storage  applications  and  perform  a technoeconomic 
evaluation  of  selected  heat  exchanger/storage 
appli cati  ons. 

Potential  fluidized  bed/thermal  storage  applications  have 
been  identified. 

A technoeconomic  evaluation  is  being  performed  on  two 
selected  concepts 

Contract  Number:  DEN3-96 

Contract  Period:  January  1979  to  September  1979 

Funding  Level : $99,000 

Funding  Source:  NASA  Lewis  Research  Center 
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THERMAL  ENERGY  STORAGE  SYSTEMS  USING 
FLUIDIZED  BED  HEAT  EXCHANGERS* 

V.  Ramanathan,  T.  E.  Weast,  and  K.  P.  Ananth 
Midwest  Research  Institute  - Kansas  City 


SUMMARY 


A systems  study  is  being  conducted  to  determine  the  viability  of 
using  Fluidized  Bed  Heat  Exchangers  (FBHX)  for  Thermal  Energy  Storage  (TES) 
in  applications  with  potential  for  waste  heat  recovery.  Of  the  candidate 
applications  screened.  Cement  Plant  Rotary  Kilns  and  Steel  Plant  Electric  Arc 
Furnaces  were  identified,  via  the  chosen  selection  criteria,  as  having  the  best 
potential  for  successful  use  of  FBHX/TES  system.  A computer  model  of  the  FBHX/ 
TES  systems  has  been  developed  and  the  technical  feasibility  of  the  two  selected 
applications  has  been  verified.  Economic  and  trade-off  evaluations  are  in  pro- 
gress for  final  optimization  of  the  systems  and  selection  of  the  most  promising 
system  for  further  concept  validation. 


INTRODUCTION 


The  development  of  efficient  (TES)  systems  is  necessary  for  many 
energy  conservation  programs  to  be  technically  and  economically  attractive.  By 
utilizing  the  mass  of  a fluidized  material  for  thermal  energy  storage,  the 
energy  transfer  and  storage  functions  can  be  integrated  into  a common  FBHX/TES 
system.  Systems  used  for  recovery  of  sensible  heat  generally  use  either  con- 
ventional tubular  type  exchangers  or  direct  contact  of  a working  fluid  with  a 
fixed  storage  media  which  require  large’ heat  transfer  surface  areas  and  may  be 
subject  to  plugging  of  the  flow  by  loose  particles.  In  addition  to  TES,  FBHX's 
can  eliminate  these  potential  heat  transfer  problems. 

The  objective  of  this  project  is  to  identify  and  analyze  operating 
characteristics  and  economics  of  potential  FBHX/TES  systems  when  used  for  waste 
heat  recovery  and  utilization.  The  conceptual  study  formulated  to  address  this 
objective  is  divided  into  two  major  tasks.  Task  I defines  potential  FBHX  con- 
cepts and  identifies  potential  applications  into  which  TES  can  be  efficiently 
integrated.  Task  II  evaluates  the  technical  and  economic  feasibility  of  the  two 


* NASA  - Lewis  Research  Center;  Contract  No.  DEN  3-96. 
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most  promising  systems  identified  in  Task  I and  recommends  one  application  for 
additional  study  or  demonstration. 

This  paper  summarizes  the  results  of  Task  I and  the  status  of  Task 
II  which  is  still  in  progress.  Interim  conclusions  and  future  efforts  are 
also  presented. 


TASK  I - FBHX  CONCEPT  DEFINITION,  TES  APPLICATION  IDENTIFICATION, 
AND  SYSTEM  INTEGRATION  AND  SELECTION 


FBHX  Concept  Definition 

Since  the  TES  media  is  the  mass  of  the  FBHX  bed  material,  it  is 
necessary  to  evaluate  the  numerous  FBHX  configurations  for  identification  of 
the  most  effective  types  for  TES  systems.  Numerous  configurations  of  fluid- 
ized bed  heat  exchangers  are  possible.  Representative  FBHX  configurations  are 
depicted  in  Figure  1.  A vertical  multistage  bed  with  countercurrent  contact- 
ing is  presented  in  Figure  1(a)  . In  this  system,  solids  are  heated  by  the  gas 
stream  which  is  used  to  fluidize  the  bed.  A fluidized  bed  with  an  internal 
heat  exchanger  is  depicted  in  Figure  1(b).  The  high  temperature  inlet  gas 
fluidizes  the  bed  in  this  system.  Crosscurrent  contacting  in  a multistage  bed 
is  shown  in  Figure  1(c).  Heat  exchange  is  between  the  hot  fluidizing  gas  and 
the  bed  solids.  Figure  1(d)  is  a cross-flow  system  with  an  internal  heat  ex- 
changer, in  which  air  fluidizes  the  incoming  hot  alumina  particles  and  heat  is 
transferred  to  the  cooling  water  circulating  in  the  heat  exchanger.  Figures 
1(e)  and  1(f)  illustrate  liquid  fluidized  bed  heat  exchangers  with  internal 
heat  exchangers. 

The  various  potential  fluidized  bed  heat  exchanger/ storage  config- 
urations were  ranked  according  to  such  operating  parameters  as  efficiency  of 
heat  recovery,  heat  transfer  rate,  system  pressure  drop,  environmental  prob- 
lems, stability  of  bed  operation,  etc.  The  following  conclusions  were  reached 
regarding  the  application  of  fluidized  beds  for  energy  storage: 

• Fluidized  beds  generally  require  a high  pressure  drop  and  hence, 
their  operating  power  requirements  are  high.  This  limits  their  use  to  rather 
high  temperature  applications  where  the  amount  of  energy  recovered  is  large 
relative  to  operating  energy  requirements.  Therefore,  liquid- fluidized  beds 
were  eliminated  from  further  consideration  for  storage  applications. 

• When  designing  multistage  beds,  the  bed  stages  should  be  kept  as 
shallow  as  possible  to  minimize  the  pressure  drop. 
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• Multistage  fluidized  beds,  which  have  a larger  temperature  re- 
covery effectiveness,  are  preferable  to  single  stage  beds;  however,  increasing 
the  number  of  stages  may  also  increase  the  total  system  pressure  drop. 

• Multistage  counter  flow  systems  have  higher  thermal  efficiency  than 
multistage  cross  flow  systems  with  an  equal  number  of  stages.  A stable  flow 
of  solids  against  gases  can  be  obtained  by  down  flow  pipes  or  overflow  weirs 
installed  between  stages.  Such  multistage  shallow  beds  have  successfully 
operated  in  such  unit  operations  as  continuous  adsorption. 


TES  Application  Identification 

A large  number  of  industrial  processes,  solar  power  generation,  and 
HVAC  systems  were  considered  for  potential  application  of  FBHX  for  TES.  Due 
to  the  large  number  of  potential  applications,  they  were  grouped  by  unit  pro- 
cess with  similar  waste  characteristics  (Table  I).  Thus,  a selected  FBHX/TES 
system  for  a unit  process  in  one  industry  may  also  be  adaptable  to  other  in- 
dustries with  similar  unit  processes.  Flow  charts  were  obtained  for  the  unit 
processes  and  energy  balances  performed  in  order  to  evaluate  the  potential  for 
energy  recovery. 


Integration  and  Selection 

In  order  to  reduce  the  potential  applications  to  the  six  most  pro- 
mising systems  for  a more  detailed  review,  a number  of  criteria  were  selected 
for  the  processes.  The  criteria  for  this  analysis  were: 

• Waste  stream  temperature  > 260°C  (500°F) 

• Flow  rate  > 283  m^/min  (10,000  cfm) 

• Annual  energy  recoverable  from  total  industry  > 1.05  x Mj 

MJ/yr  (10*2  BTU/yr) 

• Need  for  TES 

• Proximity  of  energy  source  to  use 

• Unique  benefits  such  as  pollutant  removal  or  reduced  plugging 

The  six  applications  designated  with  an  asterisk  (*)  in  Table  I were 
chosen  for  a more  detailed  review.  Five  additional  selection  criteria  were 
then  established  for  final  screening  of  the  six  candidates.  The  additional 
criteria  were: 

• Adaptability  to  candidate  process 

• Growth  potential  of  candidate  process 

• Relative  simplicity  of  system  when  integrated  with  FBHX/TES 


50 


• Timeliness 

• Acceptability  to  industry 

As  a result  of  the  final  screening  process  the  cement  plant  rotary 
kiln  and  the  steel  plant  electric  arc  furnace  were  chosen  for  detailed  techno- 
economic  evaluation. 

TASK  II  - TECHNOECONOMIC  EVALUATION 

The  technical  aspects  of  the  evaluation  for  the  rotary  kiln  and 
electric  arc  furnace  applications  of  FBHX/TES  systems  are  nearly  complete. 

Each  technical  evaluation  included  establishing  a plant  process  flow  config- 
uration, an  operational  scenario,  a preliminary  FBHX/TES  design,  and  para- 
metric analysis. 

The  process  flow  configurations  for  each  application  (Figures  2 and 
3)  are  similar  in  that  the  TES  charge  cycle  for  both  designs  uses  hot  exhaust 
gases  to  heat  the  bed  material  (sand)  in  a counter  flow,  multistage,  shallow 
FBHX.  The  hot  solids  are  then  stored  in  an  insulated  structure  until  the 
energy  is  needed.  During  the  TES  discharge  cycle  the  same  counter  flow, 
multistage  shallow  FBHX  is  used  to  heat  low  temperature  gases  for  a waste  heat 
boiler.  The  cooled  solids  are  stored  in  another  insulated  structure  to  await 
the  next  charge  cycle.  The  electric  arc  furnace  application  also  includes  a 
buffer  FBHX/TES  to  smooth  the  short  duration  (2-3  hr)  periodic  variations  in 
gas  temperature  before  proceeding  to  the  long-term  FBHX/TES  described  above. 
Options  to  eliminate  the  separate  buffer  are  presently  being  considered. 

The  initial  operating  scenerio  for  the  cement  plant  requires  approxi- 
mately 80%,  of  the  rotary  kiln  exhaust  gas  to  be  sent  directly  to  a waste  heat 
boiler  for  power  generation  while  the  remaining  20%  is  used  to  charge  the  TES 
system.  During  discharge,  100%  of  the  rotary  kiln  gases  are  sent  directly  to 
the  waste  boiler  while  approximately  20%  of  the  boiler  exhaust  is  recycled 
through  the  FBHX/TES  to  recover  energy  and  added  to  the  kiln  gases  at  the 
waste  heat  boiler  inlet.  This  results  in  a theoretical  power  production  swing 
from  80  to  1207o  of  the  nominal  generating  capacity  without  TES  and  allows 
significant  if  not  total  reduction  in  peak  power  demand. 

The  initial  operating  scenerio  for  the  steel  plant  requires  1007.  of 
the  electric  arc  furnace  exhaust  gases  to  be  sent  to  the  FBHX/TES  system  during 
a charge  cycle  when  all  power  is  purchased  at  off-peak  rates.  When  power  is 
purchased  at  on-peak  rates,  both  the  TES  system  and  the  electric  arc  furnace 
gases  would  be  available  for  power  production  and  reducing  peak  demand. 
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A parametric  analysis  is  being  performed  to  determine  the  optimum 
FBHX/TES  design.  A computer  model  was  developed  to  determine  the  effects  of 
the  number  of  stages,  gas  temperatures,  gas  flows,  bed  materials,  charge  dis- 
charge times,  and  parasitic  power  required  for  operation. 

Work  on  the  economic-analysis  has  been  initiated.  The  estimated 
capital  investment  costs,  annual  operating  costs,  and  unit  energy  costs  to 
construct  and  operate  each  model  system  will  be  determined.  Capital  invest- 
ment costs  will  represent  the  total  investment  required  to  construct  a new 
system  and  will  include  direct  costs,  indirect  costs,  contractor's  fees,  and 
contingency.  Annual  operating  costs  will  represent  the  variable,  fixed,  and 
overhead  costs  required  to  operate  the  systems.  Unit  energy  costs  for  each 
model  system  are  the  annual  operating  cost  of  the  system  divided  by  the  annual 
energy  savings.  All  costs  associated  with  the  waste  heat  boiler  system  and 
the  fluidized  bed  heat  exchanger  TES  system  will  be  determined  separately. 

The  total  cost  of  the  model  system  will  equal  the  sum  of  the  individual  costs. 


CONCLUDING  REMARKS 


The  technical  feasibility  of  FBHX  for  TES  systems  has  been  verified 
by  analysis  of  two  selected  conceptual  systems.  Initial  results  for  the 
cement  plant  rotary  kiln  indicate  that  the  diversion  of  20%  of  the  kiln 
exhaust  gases  to  a 5-stage  FBHX/TES  system  during  a 12-hr  charge  period  allows 
power  production  to  be  increased  11%,  during  a 12-hr  discharge  period.  Simi- 
larly the  diversion  of  100%  of  the  electric  arc  furnace  gases  during  an  8-hr 
charge  cycle  of  ah  8-stage  FBHX/TES  system  allows  power  production  to  be  in- 
creased 34%,  during  a 16-hr  discharge  period. 

When  the  economic  and  trade-off  analysis  are  concluded,  we  will  be 
able  to  establish  whether  TES  systems  using  FBHX  are  economically  viable  and 
if  so,  identify  one  of  the  systems  for  further  study  or  demonstration. 
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TABLE  1 


POTENTIAL  APPLICATIONS  OF  FLUIDIZED  BED  HEAT  EXCHANGERS  AS  A FUNCTION  OF 
UNIT  PROCESSES  OR  WASTE  ENERGY  STREAM 

Unit  Process/Waace  Energy  Stream  Industry 

1.  Kiln  Exhaust  Gases,  clinker  Cooler  Exhaust  Gases  *Canent  ** 

Lime 

Sodium  Carbonate 

Pulp  Mill 

Zinc  Oxide 

Primary  Aluminum 

Clay  and  Ceramic  Products 

Phosphate  Fertiliser 

2.  Periodic  Kiln  Clay 

Ceramics 

*Iron  and  Steel 
PTimary  Zinc 
Primary  Lead 

4.  Electric  Arc  Furnace  Exhaust  Gases  ^Xron  and  Steel 

Iron  Foundry 
Steel  Foundry 
Ferroalloy 
Nonferrous  Foundry 
Secondary  Nonferrous  Smelting  and 
Ref ining 
Refractories 

5.  Solar  Brayton  ^Utility 

6.  Reverberatory  Furnace  Exhaust  Gases  ^Primary  Copper 

Primary  Lead 
Nonferrous  Foundry 
Secondary  Nonferrous  Smelting  ana 
Refining 


3.  Sinter  and  Pellet  Machine/Cooler  Exhaust 
Gases 


7.  Sellers  (HVAC) 

S.  Blast  Furnace  Exhaust  Gases 

9.  Dryer  Exhaust  Gases 


10a.  Compressor  Exhaust  Air 

10b.  IC  Engine  Exhaust  Gases 

11.  Distillation  Column  Exhaust  Streams 


Industrial,  Conanercial,  Residential 
Iron 

Primary  Lead 

Secondary  Nonferrous  Smelting  and 
Refining 

Phosphate  Fertilizer 

Clay  and  Ceramics  Products 

Asphalt  Paving 

Textile  Industry 

Pulp  and  Paper  Industry- 

Food  Industry  (grain  drying) 

Chemical  and  Allied  Products 
Pneumatic  Machinery 

Compressed  Gas  Chillers  (food  industry) 

Various  Industries 

Chemical  and  Allied  Produces 
Petroleum  Refining 


12.  Wash-down  Water 

13.  Cupola  Exhaust 

14.  Coke  Oven 


Food  Industry- 
Textile  Industry 

Iron  Foundry 

*Iron  and  Steel 


* Six  applications  selected  for  additional  study 

**  Two  applications  selected  for  detailed  Technoeconomic  Evaluation 
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THERMAL  ENERGY  STORAGE  AND  TRANSPORT 


Walter  Hausz  - General  Electric 

Center  for  Advanced  Studies 


ABSTRACT 

The  extraction  of  thermal  energy  from  large  LWR  and  coal -fired  plants  for 
long  distance  transport  to  industrial  and  residential/commercial  users  is  ana- 
lyzed. Transport  as  high  temperature  water  is  considerably  cheaper  than  trans- 
port as  steam,  hot  oil,  or  molten  salt  over  a wide  temperature  range.  The 
delivered  heat  is  shown  to  be  competitive  with  user-generated  heat  from  oil, 
coal,  or  electrode  boilers  at  distances  well  over  50  km  when  the  pipeline  oper- 
ates at  high  capacity  factor.  Thermal  energy  storage  makes  meeting  of  even  very 
low  capacity  factor  heat  demands  economic  and  feasible.  Storage  gives  the 
utility  flexibility  to  meet  coincident  electricity  and  heat  demands  effectively. 
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SUMMARY 

It  has  long  been  recognized  that  there  are  thermodynamic  benefits  to  the 
joint  production  of  electricity  and  heat,  and  its  aliases:  cogeneration.  Dual 

Energy  Use  Systems  (DEUS),  and  Combined  Heat  and  Power.  Electricity  and  heat 
can  be  supplied  by  this  means  with  less  fuel  than  by  separate  production,  by 
a factor  of  as  much  as  two.  Greater  use  of  this  technique  has  been  inhibited 
in  the  past  by  economic,  technical,  and  institutional  problems. 

Some  of  these  problems  can  be  mitigated  by  economic  storage  and  transport 
of  thermal  energy.  The  study  here  described  examined  the  range  of  thermal 
transport  media,  thermal  storage  concepts,  and  system  configurations,  under  cur- 
rent scenarios  of  future  energy  costs,  and  found  areas  that  should  be  attrac- 
tive to  utilities  and  to  those  concerned  with  energy  conservation. 

The  study  was  performed  for  The  Electric  Power  Research  Institute  as 
RP1199-3,  "Combined  Thermal  Storage  and  Transport  for  Electric  Utility  Applica- 

r -i* 

tions,"  W.  Hausz,  EPRI,  1979  [1]  . Thermal  energy  transport  media  compared 
include  high  temperature  water  (HTW),  steam,  hot  oil  (Caloria  HT-43),  and  molten 
salt  (HITEC).  Thermal  energy  storage  means  examined  included  aboveground  stor- 
age of  HTW,  dual-media  hot  oil  and  rock,  and  below-ground  storage  of  HTW  in 
excavated  caverns.  The  economic  and  technical  data  in  these  storage  concepts 
were  derived  from  an  earlier  related  study  [2,3]. 


* Numbers  in  brackets  designate  References  shown  at  the  end  of  the  paper. 
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The  basic  methodology  used  was  the  comparison  of  the  delivered  cost  of 
heat,  at  the  end  of  a dual  pipeline  (sendout/return) , with  the  cost  of  heat 
from  alternative  sources,  in  dollars  per  megawatt  hour  thermal  ($/MWht  — 
equivalent  to  mills/kWh).  Comparable  specified  economic  scenario  assumptions 
were  used  for  all  alternatives.  The  data  and  methodology  is  that  of  the  EPRI 
Technical  Assessment  Guide  (TAG)  [4],  except  that  mid-1976  dollars  were  used 
as  in  [2,3].* 

Both  conventional  light  water  reactor  (LWR)  and  high  sulfur  coal -fired 
steam  plants  (HSC)  were  considered  as  sources  for  extracted  heat.  The  value  of 
the  extracted  heat  was  equated  to  the  cost  of  the  electricity  lost  because  of 
the  heat  extraction.  Incremental  costs  of  capital  equipment  such  as  heat  ex- 
changers and  the  thermal  transport  system,  and  of  the  operating  costs  such  as 
pumping  power  and  thermal  losses  through  insulation  gave  a cost  value  to  the 
delivered  cost  of  heat.  This  was  compared  to  steam  or  sensible  heat  generated 
by  the  conversion  from  oil  or  coal  fired  boilers  of  electrode  boilers. 

Over  a wide  range  of  temperatures,  from  under  100°C  to  over  300°C, high 
temperature  water  (HTW)  was  a more  economic  transport  medium  than  steam,  hot  oil 
or  molten  salt.  For  HTW  at  227°C  (440°F),  a 50-km  pipeline,  and  operation  at 
high  capacity  factor  (0.75)  of  the  dual  energy  use  system  (DEUS)  and  the  com- 
peting alternatives,  there  was  a marked  advantage  of  DEUS  over  alternatives. 

The  margin  of  benefit  was  13  percent  over  local  coal-fired  boilers,  46  percent 
over  oil-fired  boilers  and  over  70  percent  over  electrode  boilers. 

For  lower  capacity  factors  of  the  heat  demand,  the  capital  cost  of  the 
thermal  transport  and  terminal  equipment  reduced  the  advantage  of  DEUS;  at  about 
0.30  capacity  factor  (CF),  it  became  zero  versus  both  coal  and  oil  but  still 
had  an  advantage  over  electrode  boilers. 

* Use  1.26  factor  for  rough  mid-1979$. 
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If  thermal  energy  storage  is  added  to  both  ends  of  the  pipeline  to  main- 
tain its  capacity  factor  at  0.75  or  higher,  the  advantage  is  regained  for  low 
CF  heat  demand  patterns.  Even  with  the  added  costs  of  storage,  the  margin  of 
DEUS  is  20  percent  over  oil  fired  boilers  at  0.25CF  and  19  percent  over  coal. 

The  thermal  storage  permits  completely  decoupling  the  supply  and  demand 
of  heat;  a utility  can  supply  maximum  electrical  output  during  peak  hours  and 
reduce  electric  output  in  order  to  charge  the  TES  during  off  peak  hours,  while 
the  heat  demand  peak  can  be  at  any  time  of  day  including  coincidence  with  the 
electric  peak  demand.  This  additional  benefit  adds  to  the  economic  attractive- 
ness of  the  DEUS. 

JOINT  PRODUCTION  OF  HEAT  AND  POWER 

Utilities  must  recover  all  fixed  and  variable  costs  through  revenues  re- 
ceived from  electricity  generated.  When  some  part  of  the  steam  mass  flow 
through  the  turbine  system  is  extracted  before  the  shaft-work  of  normal  opera- 
tion has  all  been  delivered,  the  electric  output  is  decreased.  The  thermal 
energy  extracted  must  return  revenues  at  least  equal  to  those  lost  from  elec- 
tric output.  A reduction  of  one  megawatt  of  electricity  may  accompany  the 
extraction  of  from  3 to  10  megawatts  thermal  (MWt).  The  ratio  of  electricity 
lost  to  thermal  energy  gained,  an  equivalence  factor  F , determines  the  min- 
imum cost  that  must  be  charged  for  heat:  Ct=  Fg  x Cg. 

Using  the  literature  on  district  heating  with  HTW  gives  a scatter  dia- 
gram of  values  of  Ffi  versus  temperature,  for  unspecified  technical  conditions. 

In  addition  to  this  data,  conventional  LWR  and  HSC  plants,  used  as  reference 
plants  in  [2,3]  were  computer  analyzed  with  the  assistance  of  General  Electric's 
Large  Steam  Turbine  Division,  to  find  Ffi  as  a function  of  both  the  amount  of 
thermal  energy  extracted  and  the  temperatures  and  state  (HTW  or  steam)  at 
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which  it  is  extracted  from  and  returned  to  the  steam  cycle.  Figure  1 
sumnarizes  these  results. 

DEGREES  FAHRENHEIT 


Figure  1.  Equivalence  factor  relating  heat  cost  to  electricity  cost. 

The  value  of  Fg  is  independent  of  the  amount  of  thermal  energy  extracted, 
except  that  design  constraints  of  the  turbine  system  limit  the  maximum  safe 
extraction.  Extraction  as  HTW  appears  linear  versus  temperature  for  the  small 
sample  of  extraction  points  analyzed;  there  is  sound  thermodynamic  reasoning 
to  confirm  this  over  a reasonable  range  of  temperatures.  Since  the  coal-fired 
plant  has  a higher  cycle  efficiency  than  the  LWR,  the  equivalence  factor  is 
higher,  ie,  it  takes  fewer  MW^  to  lose  a MWg.  For  both  plants  the  water 
extracted  is  returned  to  a convenient  point  between  feedwater  heaters  at  a 
return  temperature  circa  80°C. 

The  economic  methodology  used  [4]  assumes  6 percent  annual  inflation 
indefinitely,  and  provides  a scenario  for  each  fuel;  nuclear,  coal,  and  oil 
with  a higher  escalation  rate  than  the  general  inflation  rate.  This  reflects 
in  the  investment  costs  as  a fixed  charge  rate  (FCR)  of  0.18,  to  give  uniform 
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level ized  annual  costs  over  the  30-year  life  of  the  plants.  Fuel  and  O&M  costs 
are  also  level ized  to  an  equivalent  value  between  the  fuel  cost  in  the  year  of 
initial  operation  and  30  years  later.  This  roughly  doubles  the  unit  cost  of 
fuels  compared  to  current  fuel  prices,  making  the  cost  of  electricity  and  heat 
look  high  to  someone  used  to  using  current  values.  For  the  reference  power 
plants  operating  at  0.75  CF,  the  unit  cost  of  electricity  in  1976  dollars  for 
1990  initial  operation  is  42.48  $/MWhg  (same  as  mills  per  kWh)  from  the  LWR  and 
53.21  $/MWhg  from  the  HSC.  As  an  example  then,  the  equivalent  cost  of  heat 
extracted  at  227°C  (440°F)  is  9.56  $/MWht  from  the  LWR  and  13.40  $/MWht  from 
the  HSC. 

Above  about  300°C  it  is  difficult  to  consider  HTW.  The  dash  line  for  the 
HSC  extending  to  538°C  (1000°F)  is  an  estimate  of  Fg  for  steam.  Since  steam  in 
large  quantities  can  only  be  extracted  at  a few  points,  between  turbines,  for 
any  particular  turbine  design,  interpolation  is  difficult.  For  steam  tempera- 
tures below  300°C,  the  value  of  Fg  does  not  differ  greatly  from  the  curves  for 
HTW,  depending  on  the  details  of  extraction  and  return. 

THERMAL  TRANSPORT 

For  all  transport  fluids  considered,  dual  pipelines  (sendout  and  return) 
were  assumed  to  be  buried,  with  periodic  U-shaped  bends  inserted  for  thermal 
expansion,  and  thermal  insulation  with  a moisture  protective  outer  layer  around 
each  pipe.  Computer  optimization  of  pipeline  cost  was  performed  for  every  case 
considered.  For  each  pipe  diameter  considered,  the  thermal  insulation  thickness 
is  varied  in  steps  to  minimize  the  sum  of  the  annual  costs  for  capital  charges 
on  the  insulation  and  the  cost  of  heat  lost  through  the  insulation.  In  an  itera 
tive  calculation,  pipe  diameter  is  incremented  in  2- inch  steps  (for  convention- 
ally available  pipe  sizes),  and  the  annual  costs  for  capital  charges  on  the  pipe 
line  and  its  installation  and  on  the  pumps  or  compressors  required  are  added  to 
the  cost  of  pumping  power  (electricity)  and  to  the  costs  of  the  insulation-plus- 
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losses  to  find  a minimum.  Allowable  stresses  in  the  pipe  are  limited  to  60  per- 
cent of  the  yield  strength,  as  for  moderately  populated  open  country.  The  yield 
strength  is  derated  per  handbook  data  for  the  required  pipe  temperature. 


With  this  program,  transport  media  compared  were  HTW,  steam  (with  condensate 
return),  a hot  oil  such  as  Exxon  Caloria  HT-43,  and  a molten  salt  such  as  DuPont 
HITEC  (eutectic  of  sodium  and  potassium  nitrates  and  nitrites).  Each  was  exam- 
ined over  its  useful  temperature  range;  each  was  examined  over  a range  of  trans- 
ported thermal  power  levels  from  under  100  MW^  to  1000  MW^.  Figure  2 summarizes 
the  results. 


DEGREES  CELSIUS 
100  200  300  400 


DEGREES  FAHRENHEIT 

Figure  2.  Cost  of  thermal  energy  transport  dual  pipeline. 

The  curves  shown  are  for  a sendout  thermal  power  of  300  MWt-  The  mass  flow 
required  for  this  level  varies  with  the  temperature  and  enthalpy  difference 
between  the  sendout  and  return  flows.  As  the  return  temperature  is  80°C  in  all 
cases,  the  required  mass  flow,  hence  the  annual  costs,  rise  sharply  as  the 
sendout  temperature  decreases  toward  this  limit.  At  high  temperatures,  high 
pressure  containment  is  required  for  HTW  or  steam,  so  for  these  fluids  the 
cost  rises  rapidly  with  temperature  in  the  upper  range.  Oil  and  molten  salt 
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do  not  require  high  pressure  at  high  temperature,  but  the  cost  of  temperature 
derating  (or  use  of  more  exotic  pipe  materials)  does  tend  to  counterbalance 
the  effect  of  increasing  enthalpy  difference  with  temperature. 

For  steam,  saturated  steam  was  considered  up  to  300°C;  above  that  4.5  MPa 
(650  psi)  steam  at  variable  superheat  was  considered  up  to  538°C  (1000°F).  The 
specific  volume  increases  with  temperature,  contributing  to  the  rise  in  annual 
cost. 

The  ordinate  for  these  curves  is  the  annual  cost  in  thousands  of  dollars 
per  kilometer  (K$/km/yr).  At  roughly  the  temperature  of  minimum  transport  cost 
of  HTW,  i.e.  227°C  (440°F)  the  boiler  feedwater  temperature  for  the  LWR,  annual 
costs  at  0.75  capacity  factor  are  141  K$/km  including  the  cost  of  heat  losses 
through  insulation  or  116  K$/km  without  it.  This  latter  totals  4.8  M$  for  50  km 
and  adds  2.94  $/MWht  cost  increment  to  the  cost  of  heat  extracted.  Both  the 
delivered  heat  and  the  pumping  energy  required  are  proportional  to  capacity  fac- 
tor; the  other  cost  components  are  independent  of  it.  At  lower  capacity  factors 
the  pipeline  annual  costs  must  be  allocated  over  fewer  MWh^.  delivered  so  the 
cost  of  delivered  heat  increases.  The  cost  increment  per  MWh^  delivered  would 
decrease  with  the  power  level  of  the  pipeline,  roughly  as  l/(power)  ' over  the 
range  100-1000  MWt. 

COST  OF  ALTERNATIVES 

Commonly  used  local  sources  of  industrial  process  heat  are  oil-  or  gas- 
fired  boilers  (for  steam)  or  heat  exchangers  (for  sensible  heat),  and  coal- 
fired  boilers  where  environmental  constraints  permit.  For  lower  temperatures  in 
residential  and  commercial  use,  oil  and  gas  dominate. 

Oil  and  natural  gas  as  sources  are  high  cost  fuels,  but  permit  relatively 
low  capital  costs  for  the  boiler/heat  exchanger.  Using  similar  level izing 
assumptions,  the  fuel  costs  of  oil  and  gas  based  on  [4]  give  6.64-  $/MBtu  for 
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1 percent  sulfur  residual  oil,  and  7.55  $/MBtu  for  gas,  or  22.66  and  25.76 
$/MWht.  Fixed  charges  on  the  oil-  or  gas-fired  capital  equipment  are  only  1.13 
$/MWht  at  0.75  CF.  At  85  percent  boiler  efficiency,  and  including  variable  O&M, 
the  variable  costs  for  oil  are  26.86  $/MWht  and  total  costs  are  28  $/MWht.  Costs 
are  clearly  dominated  by  the  cost  of  fuel  and  the  boiler  efficiency.  For  small 
sizes,  eg,  residential  use,  the  boiler  efficiency  will  be  much  lower,  hence  the 
cost  of  heat  higher. 

Coal-fired  boilers  have  a lower  fuel  cost  but  higher  capital  plant  costs 
for  the  boilers,  fuel  handling  and  storage,  and  flue  gas  desulfurization  and 
cleanup.  With  a level ized  fuel  cost  of  2.08  $/MBtu  or  7.09  $/MWt,  a boiler 
efficiency  of  82  percent,  and  variable  O&M  including  consumables  of  2.82 
$/MWht,  the  variable  charges  total  11.47  $/MWht.  Exxon  [5]  provides  a basis 
for  capital  costs  of  small  coal -fired  plants  (100  to  400  thousand  pounds  of 
steam  per  hour)  which,  adjusted  to  1976  dollars  and  an  investment  cost  basis 
comparable  to  that  used  for  the  reference  electric  plants,  gives  fixed  charges 
of  6 $/MWht  at  0.75  CF.  These  total  to  17.47  $/MWhr 

For  very  small  boilers,  industry  may  use  electrode  boilers,  using  electric- 
ity as  "fuel."  For  these  the  fixed  charges  are  trivial,  but  the  variable 
charges  very  high.  The  total  must  be  over  45  $/MWht>  and  counting  transmission 
and  distribution  fixed  charges  and  losses  may  be  over  65  $/MWht  even  at  high 
capacity  factor. 

COMPARISON  WITH  ALTERNATIVES 

A method  of  comparing  the  delivered  cost  of  heat  with  the  alternatives 
available  to  users  is  displayed  by  the  example  in  Figure  3.  The  cost  of  heat 
delivered  (C0Hd)  is  found  by  adding  the  cost  increments  incurred  in  each  step. 

For  this  base  case  example,  the  utility  supplies  300  MWt  heat  extraction  at 
227°C  sendout,  80°C  return.  The  capacity  factor  is  0.75,  depicted  as  18  hours 
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UTILITY  SUPPLY  PATTERN 
300  MWt 
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VERSUS  28.00  $/MWht 

Figure  3.  Approach  to  COH^  base  case. 


a day,  although  the  actual  outages  may  be  forced  outage  or  maintenance  distrib- 
uted through  the  year.  The  consumer  demand  for  heat  is  also  at  0.75  CF,  match- 
ing the  utility  output  in  time  so  no  storage  is  needed. 

For  these  conditions,  it  was  indicated  that  the  equivalence  factor  Fg  for 
the  LWR  gives  a cost  of  heat  at  the  sendout  point  (C0H$)  of  9.56  $/MWt>  Some 
terminal  equipment  is  required  at  both  ends  for  suitable  interfaces.  At  the 
sendout  end,  additional  feedwater  heater  capacity  must  be  added  to  handle  the 
mass  and  heat  flows  of  heat  extraction.  The  cost  of  these  heat  exchangers  is 
the  0.60  $/MWht  increment  shown  as  HX.  Assuming  that  the  pipeline  is  a closed 
loop  of  high  purity  water,  a similar  heat  exchanger  capacity  is  needed  at  the 
user  end  for  steam  or  sensible  heat  production  for  the  user's  processes. 

The  cost  increment  for  50  km  of  pipeline  is  2.94  $/MWht  as  described.  All 
these  components  total  13.70  $/MWht.  However,  thermal  energy  losses  through 
the  optimized  insulation  reduce  the  amount  of  heat  delivered;  the  assigned  COH^ 
must  be  larger  to  produce  the  revenues  required  to  recover  all  costs.  For  50 
km  of  pipeline,  and  300  MW^  the  pipeline  losses  are  23  MW^  or  7.8  percent. 
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Heat  losses  occur  continuously;  power  output  is  assumed  at  0.75  CF  so  a larger 
percentage  as  indicated  in  the  denominator  in  Figure  3 is  required  to  correct 
COHj.  The  corrected  COH^  is  15.30  S/MWh^.  This  can  be  compared  to  the  cost  of 
heat  from  oil-fired  boilers  of  28  $/MWht  as  shown,  or  the  17.47  $/MWht  found 
for  coal-fired  boilers  at  this  CF.  The  benefit  over  oil,  gas,  or  electrode 
boilers  is  great;  that  over  coal-fired  boilers  is  small. 

To  get  a similar  comparison  for  both  the  LWR  and  HSC  plants  over  a range 
of  temperatures  of  HTW  transport.  Figure  4 shows  the  COH^  from  both  plants  over 
the  temperature  range  to  over  300°C,  and  the  cost  of  the  oil  and  coal  alterna- 
tives, which  are  essentially  independent  of  temperature  over  this  range.  The 
low  temperature  of  the  minimum  cost  points  reflects  not  only  pipeline  costs 
(Figure  2)  but  the  equivalence  factor  (Figure  1).  There  is  a significant  tem- 
perature range  for  which  the  COH^  from  both  LWR  and  HSC  plants  is  lower  than 
local  coal -fired  boilers. 


100  °F  200  300  400  500  600 


Figure  4.  Delivered  cost  of  heat  vs  sendout  temperature 
for  high  capacity  factor  case  (CF  = 0.75). 
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THE  USES  OF  TES 

For  lower  capacity  factors  of  the  user's  heat  demand,  the  cost  of  deliv- 
ered heat  from  the  pipeline  will  increase  if  the  pipeline  must  operate  at  the 
user's  capacity  factor.  Thermal  energy  storage  should  be  considered. 

Thermal  energy  storage  (TES)  has  two  functions:  To  keep  the  pipeline  and 
terminal  equipment  capacity  factor  high,  and  to  provide  flexibility  in  supply 
management  to  the  utility  to  meet  heat  and  electricity  demands.  For  the  former 
use,  only  TES  at  the  user  end  of  the  pipeline  is  needed  to  buffer  the  difference 
between  supply  and  demand.  For  the  latter  use,  TES  at  both  ends  is  desirable  to 
decouple  the  electricity  demands  on  the  utility  from  user  demands  for  heat. 

Earlier  studies  [2,3]  found  that  underground  storage  of  HTW  in  excavated 
caverns,  and  dual-media  TES  using  insulated  tanks  filled  with  rocks  or  taconite, 
with  the  voids  partly  filled  with  hot  oil  used  as  a heat  transfer  fluid,  were 
the  two  lowest  cost  forms  of  TES.  Caverns  are  lowest  cost  but  only  feasible 
where  the  geology  is  suitable;  dual-media  storage  has  a low  technical  risk  with 
taconite  and  complete  filling  of  the  voids  with  oil,  but  would  be  considerably 
lower  cost  with  riverbed  gravel  and  reduced  use  of  oil  by  draining  each  tank 
except  during  the  charging  and  discharging  period. 

The  capital  costs  of  TES  have  energy-dependent  and  power-dependent  parts. 
For  the  cavern  storage  these  components  were  found  to  be  [1]:  4500  $/MWht 
stored  and  13,000  $/MWt  maximum  charge  or  discharge  rate.  For  the  dual-media 
storage,  they  are:  1740  $/MWht,  66,000  $/MWt.  Clearly,  the  cavern  storage  is 
superior  for  rapid  charging  and  discharging;  dual-media  storage  becomes  supe- 
rior when  slow  charge  land  discharge  of  15  hours  or  more  is  needed. 

An  example  portrayed  in  Figure  5 illustrates  the  method  and  benefits  of 
storage  for  low  capacity  factor  heat  demands.  The  same  300  MWt,  50  km  pipe- 
line is  assumed;  the  same  sendout  and  return  temperatures  of  HTW  (227/80°C), 
and  source,  an  LWR,  are  assumed.  The  heat  demand  pattern  is  made  extreme; 
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900  MW^  is  required  for  six  hours  at  mid-day,  or  the  capacity  factor  is  0.25. 
Extraction  of  heat  from  the  utility  plant  is  assumed  to  be  completely  mis- 
matched, ie,  occurs  solely  during  12  nighttime  hours  when  electric  loads  are 
light. 

To  meet  the  load  and  keep  the  pipeline  capacity  at  0.75,  storage  of  a 
day's  heat  extraction  is  necessary,  5400  MWht,  with  two-thirds  at  the  user  end 
and  one-third  at  the  utility  end.  The  train  of  incremental  costs  in  C0Hd  are 
as  shown.  The  sendout  cost  of  heat  and  the  pipeline  cost  are  unchanged. 
Because  of  the  reduced  capacity  factor  at  each  end,  terminal  equipment  (HX) 
costs  rise,  corresponding  to  0.50  CF  at  the  utility  and  0.25  at  the  user  end. 
The  cost  of  5400  MWh^  storage,  dischargeable  over  six  hours  is  6.20  $/MWht 
with  dual-media  storage,  or  3.24  $/MWht  with  cavern  storage.  Figure  5 uses 
the  former,  more  expensive  but  more  available.  As  with  Figure  3,  a correction 
to  the  sum  of  these  costs  is  made  to  account  for  the  10.5  percent  energy  losses 
during  transmission.  The  resulting  COH^  of  23.90  $/MWht  is  to  be  compared  to 
that  for  oil-fired  boilers  at  0.25  CF,  30  $/MWht  or  for  coal-fired  boilers  at 
the  same  CF,  29.47  $/MWht< 


COHd=9.56  + 0.90  + 2.06  + 2.94  + 4.13  + 1.80  = 21.39  + 0.895 

COHs  HXS  TESs  PL  TESd  HXd  = 23.90  $/MWHt^ 

VERSUS  30.00  S/MWht 
Figure  5.  Effect  of  storage  on  C0Hd- 
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Figure  6 depicts  the  comparable  results  for  other  transport  temperatures 
for  both  the  LWR  and  the  HSC  sources.  This  case  of  extreme  mismatch  and  low 
capacity  factor  also  shows  considerable  margin  for  COH^  over  the  alternatives 
for  both  sources  over  a wide  range  of  temperatures.  Designs  for  specific  utili- 
ties and  site  areas  will  usually  fall  between  the  no  storage  and  maximum  storage 
cases  with  intermediate  margins  of  benefit. 
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Figure  6.  Delivered  cost  of  heat  vs  sendout  temperature 
with  storage,  and  demand  CF  = 0.25. 


BENEFITS  AND  PROBLEMS 

• CONSERVATION.  DEUS  or  joint  production  of  heat  and  power  conserves 
energy.  A 1000  MWg  LWR  can,  with  near-term  available  technology,  produce  775 
MWg  and  920  MWt  delivered,  at  215°C,  with  14  percent  less  primary  energy  than 
separate  production  of  this  heat  and  electricity.  The  savings  is  still  greater 
if  lower  temperature  heat  is  wanted  or  if  backpressure  turbine  technology  is 
used  to  raise  the  ratio  of  heat  to  electricity  output.  A concomitant  utility 
benefit  is  the  reduction  of  the  waste  heat  discharge  requirements. 

• MARKET.  A significant  portion  of  the  industrial  process  heat  market  and 
the  need  in  all  sectors  for  space  heating  and  hot  water,  which  total  to  roughly 
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44  percent  of  the  U.S.  primary  fuel  usage,  can  be  served.  Temperature  require^ 
ments  data  of  the  thermal  energy  use,  both  past  and  forecast,  are  sparse  and 
disparate.  A projection  derived  from  several  sources  [6,7,8]  was  projected  for 
the  year  2000  as  shown  in  Figure  7. 


Figure  7.  Estimated  U.S.  energy  use  by  temperature  range  AD  2000. 

In  25°C  increments  the  expected  annual  use  in  exajoules  (EJ)  or  quads  is 
shown.  Residential  and  comnercial  space  heating  and  hot  water  needs  are  in  the 
50-100°C  range;  some  commercial  use,  eg  absorption  air  cooling,  is  in  the  100- 
125°C  range.  About  40  percent  of  the  industrial  heat  use  is  direct  heat  or 
steam  above  250°C,  which  is  not  the  most  likely  market  for  transported  heat. 
While  some  industrial  heat  use  below  250°C  is  sensible  heat  most  of  it  is 
process  steam.  One  disparity  found  is  that  between  the  temperature  at  which 
heat  is  generated  and  that  at  which  it  is  used.  The  solid  bars  indicate  the 
estimated  temperature  distribution  of  steam  produced;  the  dotted  bars  indicate 
the  temperature  distribution  at  which  it  is  used.  It  is  convenient  where  multi- 
ple steam  temperatures  are  needed  to  generate  at  the  highest  temperature  and 


72 


throttle  some  part  of  the  flow  to  the  other  temperatures  and  pressures  needed. 
The  - and  + indicate  the  estimated  transferral  of  part  of  the  thermal  energy  to 
a lower  temperature  regime  by  throttling  or  cascaded  processes. 

Transport  of  HTW  at  227°C  can  meet  all  sensible  heat  needs  at  200°C  and 
lower.  For  conversion  of  HTW  to  steam  a fairly  high  temperature  drop  is 
required  in  the  heat  exchanger  to  convert  most  of  the  delivered  energy  to  steam. 
HTW  at  227°C  can  be  75  percent  converted  to  0.2  MPa  (30  psia)  steam  with  the 
remainder  as  sensible  heat  for  water  and  space  heating,  or  can  be  15  percent 
converted  to  1.55  MPa  (225  psia)  steam  at  200°C,  30  percent  converted  to  0.50 
MPa  (70  psia)  steam  at  150°C,  30  percent  at  0.2  MPa  and  the  25  percent  remain- 
der as  sensible  heat.  A major  portion  of  the  steam  needs  below  200°C  depicted 
in  Figure  7 can  be  met  from  HTW  at  227°C,  but  a problem  of  matching  the  multi- 
temperature needs  of  each  consumer  may  exist.  Transport  at  277°C  or  higher 
will  of  course  permit  higher  conversion  rates  to  the  higher  temperatures  of 
steam  with  only  moderate  penalties  as  in  Figures  4 and  6. 

PEAK  POWER  BENEFITS 

The  use  of  TES  to  decouple  utility  supply  from  user  demand  for  heat 
permits  the  utility  to  load  storage  and  supply  heat  needs  during  off-peak 
hours.  It  can  produce  full  rated  electric  output  during  peak  hours,  say  for 
6 hours  a day,  2200  hours  per  year.  Generation  of  such  electricity  at  0.25  CF 
normally  costs  the  utility  about  twice  as  much  as  base  load  electricity, 
counting  the  increase  in  the  fixed  charges  per  MWhg  required  by  the  low  CF, 
and  the  more  expensive  fuel  and/or  lower  efficiency  plant  used  for  peaking 
generation.  With  the  peaking  flexibility  of  the  DEUS  system  described  by  Fig- 
ures 5 and  6,  peaking  electricity  is'made  at  the  base  load  cost.  Alternatively 
the  benefit  can  be  credited  to  the  thermal  output,  decreasing  the  C0Hd  by  6 to 
10  $/MWht. 
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The  use  of  TES  directly  for  electric  peaking  power  was  studied  in  depth  in 
[2,3]  and  found  not  to  be  attractive  to  utilities  unless  major  cost  reductions 
were  possible.  Using  the  same  cost  data  and  storage  methods,  this  study  [1] 
finds  TES  attractive  for  peak  power  production.  The  reasons  for  this  differ- 
ence should  be  briefly  explained. 

The  direct  approach  was  to  extract  steam  off-peak,  store  it  as  HTW  or  dual 
media,  and  discharge  it  by  converting  to  boiler  feedwater  or  to  steam  to  run 
through  a peaking  turbine.  The  turnaround  efficiency  was  low  (40-80  percent), 
because  of  the  degradation  in  steam  conditions  entering  the  peaking  turbine 
compared  to  that  extracted  for  storage.  The  cost  per  kW£  of  peaking  turbines 
and  related  equipment  was  high  because  of  low  efficiency  from  the  degraded 
steam.  The  cost  of  storage  limited  discharge  to  the  number  of  hours  likely  to 
be  used  frequently.  When  discharged,  there  was  no  flexibility  to  maintain 
power  if  the  peaking  requirement  continued,  so  utility  reserve  capacity  could 
not  be  reduced. 

In  the  DEUS  approach,  the  turnaround  efficiency  for  peaking  power  is  100 
percent  and  the  turbine  efficiency  is  maximum,  not  degraded  during  peaking 
hours.  The  turbine  cost  for  rated  capacity  is  included  in  the  foregoing 
analyses,  and  is  not  an  extra.  If  the  peaking  requirement  continues  beyond 
six  hours,  rated  electric  output  can  be  continued,  so  there  is  full  capacity 
credit  for  it  in  determining  reserves.  It  is  only  necessary  to  assure  that 
the  storage  is  replenished  before  the  next  day's  peak  heating  demand. 

CONCLUSIONS 

We  conclude  that  not  only  are  OEUS  systems  economically  viable  with  avail- 
able technology  but  also  they  can  provide  added  benefits  to  utilities  in  peak- 
ing power  flexibility  and  reduced  thermal  discharges.  This  route  to  energy 
conservation  could  provide  the  largest  contribution  to  energy  savings,  scarce 
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fuel  displacement,  and  urban  pollution  reduction  available  to  us  within  the 
next  two  decades. 

Implementation  will  not  proceed  rapidly  without  a large  and  convincing 
demonstration.  Are  there  sites  where  the  concentration  of  industrial  process 
heat,  and  residential /commercial  heat  requirements  can  use  DEUS  effectively? 

A study  by  Dow  Chemical  Co.  [9]  found  119  locations  in  the  U.S.  which  require 
at  least  160  MWt  as  process  heat  within  a two-mile  radius.  An  additional  24 
locations  needed  650  MWt  within  a five-mile  radius  and  another  19  locations 
required  over  1300  MWt  within  a ten-mile  radius.  The  study  covered  steam  use 
at  under  200°C  (400°F)  and  omitted  plants  smaller  than  70  MWt.  The  sites 
occur  in  36  States;  about  half  of  them  are  in  the  Gulf  Coast  States. 

A recent  study  of  district  heating  in  the  Twin  Cities  area,  Minneapolis 
and  St.  Paul,  [10]  showed  a potential  need  for  3000  to  4500  MW^.  peak  thermal 
energy  production  in  two  growth  scenarios.  The  study  shows  benefits  in  cost 
and  energy  savings  for  up  to  2000  to  3000  MWt  of  seasonal  energy  storage. 

Opportunities  abound.  The  next  step  however  must  be  a site-specific  study 
and  design  with  the  cooperation  and  participation  of  the  responsible  utility, 
local  industry,  local  and  State  regulatory  agencies,  and  the  Department  of 
Energy. 
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CONCEPTUAL  DESIGN  OF  THERMAL  ENERGY  STORAGE  SYSTEMS  FOR  NEAR- 
TERM  ELECTRIC  UTILITY  APPLICATIONS 
Eldon  W.  Hall 
General  Electric  Company 


This  project  makes  a detailed  evaluation  of  thermal  energy  storage 
(TES)  for  meeting  peak  power  requirements  of  electric  utilities.  TES 
is  made  a part  of  the  steam  electric  generating  plant,  storing  thermal 
energy  from  steam  or  hot  feedwater  during  low  demand  periods  and  using 
the  thermal  energy  to  generate  electricity  during  peak  demand  periods. 

While  the  steam  turbine  must  still  be  sized  to  deliver  the  utility 
peak  power,  the  steam  generator  can  be  designed  at  less  than  peak  power 
(near  average  power)  by  using  TES  to  supply  energy  to  match  the  turbine 
requirements.  Steam  generator  costs  can  therefore  be  less  in  a steam 
plant  with  TES  than  in  one  without  TES  where  it  must  deliver  peak  power. 
These  reduced  costs  are  offset  by  the  cost  of  the  TES  system  and  some- 
what higher  fuel  use  because  of  reduced  efficiency.  Less  expensive 
baseload  fuels,  however,  can  be  used  to  produce  peak  power. 

Over  forty  TES  concepts  gleaned  from  the  literature  and  personal 
contacts  were  examined  for  possible  application. 

Initial  criteria  for  selection  emphasized  near-term  availability 
and  potential  for  economic  feasibility.  Many  storage  media,  forms  of 
containment,  and  cycle  configurations  for  conversion  to  electricity  were 
included  in  the  concepts  examined.  Media  included  hot  oil,  molten  salt 
or  sulfur,  rock  or  other  solid  media,  and  high  temperature  water.  As 
the  latter  requires  pressure  vessels  for  containment  at  high  temperature, 
such  containment  concepts  as  steel  pressure  vessels,  prestressed  cast 
iron  vessels  (PCIV),  prestressed  concrete  pressure  vessels  (PCPV),  and 
several  concepts  of  containment  in  lined  underground  cavities  were 
examined. 
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The  initial  screening  reduced  the  set  to  twelve  selections,  some 
of  which  combined  the  elements  of  several  concepts.  These  selections 
were  then  applied  to  two  reference  plants,  an  800  MW  plant  burning  high- 
sulfur  coal,  and  an  1140  MW  plant  utilizing  a light  water  nuclear  reactor. 
Results  of  analysis  of  performance  and  costs  of  the  twelve  TES  plants 
led  to  approval  of  four  options  by  DOE/NASA  and  EPRI  for  more  detailed 
consideration  and  conceptual  design. 

Two  of  the  options  use  high  sulfur  coal-fired  plants  (HSC)  and 
peaking  turbines  to  supply  the  peaking  power  from  steam  generated  from 
the  thermal  energy  stored  during  off-peak  periods.  Steam  is  withdrawn 
from  the  cycle  after  the  high-pressure  turbine  during  the  off-peak  period 
to  obtain  the  required  energy  for  storage.  With  peaking  turbines,  power 
swings  of  + 50  percent  of  the  normal  power  are  possible.  One  of  the  coal 
concepts  stores  the  thermal  energy  in  a dual  media  of  a bed  of  rock  with 
pores  filled  with  hot  oil  at  low  pressure  as  a heat  transfer  medium. 

The  other  option  uses  an  underground  cavity  lined  with  steel  to  store 
hot  water  under  high  pressure.  Concrete  is  used  to  transfer  the  stress 
from  the  liner  to  the  supporting  rock. 

The  other  two  options  utilize  conventional  nuclear  plants  and  obtain 
power  variations  by  reducing  the  feedwater  extraction  during  peak  power 
periods  and  increasing  the  extraction  during  off-peak  periods.  The 
thermal  energy  of  the  hot  feedwater  during  the  off-peak  periods  is  stored 
to  heat  feedwater  during  the  peak  periods.  Because  of  limitations  on 
feedwater  extraction,  power  swings  are  limited  to  + 10  to  15  percent  of 
normal  power.  One  of  the  concepts  utilizes  the  PCIV  for  storage  of  hot 
feedwater  and  the  other  utilizes  the  dual  media,  hot  oil  and  rock,  to 
store  the  feedwater  thermal  energy. 

To  avoid  difficult  design  problems  in  coal-fired  boilers  with  re- 
heaters when  large  quantities  of  steam  are  withdrawn  at  the  HP  turbine 
outlet,  the  coal  plants  for  TES  were  designed  without  reheaters  resulting 
in  small  increases  in  both  cost  and  heat  rate. 
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Based  on  the  conceptual  designs,  the  cost  and  performance  of  the 
four  TES  systems  as  well  as  reference  nuclear  and  coal  plants  were  de- 
termined. The  EPRI  Technical  Assessment  Guide  (TAG) (8/77)  was  used  as  a 
basis  for  the  reference  plants  and  fuel  and  operating  costs.  Costs  of 
the  other  systems  were  made  as  consistent  as  possible  with  the  TAG  basis. 

A total  installed  cost  in  mid-1976  dollars  and  a levelized  busbar  energy 
cost  was  found  for  each  plant  assuming  a 30-year  life  beginning  operation 
in  1990. 

Cycling  coal  plants  were  considered  as  a possible  alternative  to 
TES  systems  for  peak  load  following.  Performance  and  cost  estimates  on 
the  same  basis  as  the  other  plants  were  therefore  made  for  two  512  MW 
cycling  plants,  one  at  1800  psig/950oF/950°F  steam  conditions  and  another 
at  2400/1000/1000. 

The  1977  Consent  Decree  places  a number  of  restrictions  on  the 
General  Electric  Company  regarding  the  furnishing  of  performance  and 
pricing  information  on  large  steam  turbine-generators.  Accordingly, 
performance  data,  performance  differences  data  and  pricing  information 
on  steam  turbine-generators  included  in  this  report  are  estimated  data, 
for  the  most  part  calculated  in  1976,  but  which  are  accurate  enough  for 
the  intended  purpose  of  this  study. 

The  limited  peaking  capacity  that  results  with  feedwater  energy 
storage  reduces  the  benefit  that  the  nuclear  systems  which  were  studied 
can  provide  a utility.  These  systems  also  have  a high  cost  increment 
for  peaking  in  both  capital  and  levelized  busbar  electricity  costs. 

The  coal  plants  with  separate  peaking  turbines  provide  peaking  power 
about  equal  to  cycling  coal  plants  in  both  total  investment  cost  and  level- 
ized electricity  cost.  Both  the  TES  and  cycling  coal  plants  are  signifi- 
cantly lower  in  cost  than  the  TES  nuclear  plants  but  still  cannot  compete 
with  gas  turbines  for  peaking  duty  at  1500  hours  of  operation  or  less  per 
year  unless  oil  becomes  unavailable  or  increases  significantly  in  cost. 
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The  significantly  higher  cost  of  the  TES  nuclear  plants  compared  to 
the  coal  plants  is  attributed  principally  to  the  feedwater  storage  mode 
and  the  high  cost  of  key  TES  components,  not  to  the  fact  that  these  TES 
systems  were  integrated  with  a nuclear  plant.  . 

A major  disadvantage  of  TES  systems  as  compared  to  cycling  coal 
plants  or  gas  turbines  is  their  limited  capacity  to  operate  at  any  time 
if  required  because  of  other  system  outages.  Increasing  TES  system 
capacity,  however,  so  that  it  can  operate  more  hours  per  day  increases 
the  cost  more  than  the  benefits  obtained. 

The  capital  investment  required  for  storage  is  generally  equal  to 
or  greater  than  that  for  at  least  some  types  of  complete  generation 
equipment,  especially  peaking  systems.  Hence,  if  storage  systems  are 
to  be  viable,  there  must  be  an  opportunity  to  displace  some  of  the  high 
fuel  or  production  costs  of  peaking  generation  equipment  with  lower 
production  costs  of  baseload  or  intermediate  equipment.  Any  production 
cost  savings  which  are  possible  will  depend  on  the  fuel  costs  and  ef- 
ficiencies of  both  the  peaking  and  storage  systems. 

The  values  of  the  TES  systems  to  utilities  are  sensitive  to  the 
cost  difference  between  gas  turbine  fuel  and  coal.  TES  integrated  with 
a coal  plant  could  be  competitive  with  gas  turbines  for  peaking  if  the 
1990  fuel  cost  differential  between  oil  and  coal  becomes  greater  than 
3.6  $/MBtu  in  1976  dollars.  The  current  EPRI  estimate  is  a difference 
of  2.15  $/MBtu  on  the  same  basis. 

While  recent  price  increases  in  oil  indicate  that  the  differences 
could  easily  exceed  the  3.6  $/MBtu  in  1976  dollars  by  1990,  the  coal 
based  TES  systems  still  could  not  compete  with  the  cycling  coal  plants. 
The  nuclear  based  TES  systems  might  compete  only  if  they  were  designed 
to  use  peaking  turbines  and  the  cost  of  both  oil  and  coal  increased 
unreasonably  relative  to  the  cost  of  nuclear  fuel. 
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The  TES  systems  meet  the  design  objectives  of  being  load  following 
and  daily  cycling  plants  that  are  not  dependent  on  scarce  fuels,  a 12% 
penetration  of  TES  system  plants  into  a typical  generation  mix  (EPRI 
Utility  System  D)  would  reduce  the  system  oil  consumption  by  32%  (3.3 
million  barrels  per  year).  However,  a 12%  penetration  by  cycling  coal 
plants  in  the  same  utility  system  would  reduce  oil  consumption  by  52%. 

None  of  the  four  TES  systems,  based  on  the  near-term  designs  for 
this  study,  are  economically  attractive  to  utilities.  Cost  reductions 
of  10  to  40%  are  required  for  TES  to  be  competitive  with  cycling  coal 
plants  and  40  to  50%  if  they  are  to  be  competitive  with  gas  turbines  at 
1500  hours  of  annual  operation.  About  one-half  of  the  TES  costs  are 
related  to  the  storage  related  items,  with  the  remaining  costs  for 
standard  state-of-the-art  equipment  such  as  turbines,  piping,  valving, 
etc.  Reductions  in  total  costs,  therefore,  must  come  almost  entirely 
from  reductions  in  the  TES  storage  related  costs. 

Addi tonal  testing  and  development  work  on  large  TES  systems  would 
be  required  prior  to  a major  commitment  to  TES  by  utilities.  This  large 
scale  demonstration  would  be  required  to  substantiate  the  performance 
figures  for  final  system  designs.  The  study  design  performance  parameters 
were  all  extrapolated  from  smaller  storage  applications. 

While  not  investigated  in  this  study,  major  redesigns  of  the  base 
plants  to  incorporate  alternate  TES  systems  would  be  required  to  improve 
the  performance  of  TES  for  peaking  applications.  These  changes  would 
increase  their  cost  and  eliminate  their  use  in  near-term  applications. 

Additional  refinements  of  near-term  TES  plant  designs  to  improve  the 
economic  competitiveness  with  alternate  peaking  systems,  especially 
cycling  coal  plants,  will  probably  yield  only  marginal  improvements. 
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INDUSTRIAL  STORAGE  APPLICATIONS 


Program  Area  Synopsis: 

The  major  tasks  in  this  program  element  are  the  implementation  of  a 
technology  demonstration  for  the  food  processing  industry,  development 
and  technology  demonstrations  for  selected  near-term,  in-plant 
applications  and  advanced  industrial  applications.  These  tasks  will  be 
supported  by  an  on-going  system  studies  activity  which  will  assess 
advanced  applications,  solar  industrial  applications,  and  heat  transport 
requirements.  An  important  adjunct  to  this  activity  is  the  continued 
implementation  of  technology  transfer  through  information  collection  and 
dissemi nation. 
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INDUSTRIAL  STORAGE  APPLICATIONS 
OVERVIEW 


Rudolph  A.  Duscha 
NASA  Lewis  Research  Center 


Significant  conservation  benefits  and  the  substitution  of  domestic 
non-critical  fuels  for  critical  fuels  (oil  and  natural  gas)  are  possible 
through  the  use  of  thermal  energy  storage  (TES)  of  industrial  process  and 
reject  heat  for  subsequent  use.  The  use  of  TES  can  either  provide 
conservation  through  reject  energy  recovery  and  reuse  or  permit  a shift  in 
fuel  from  oil  or  natural  gas  to  other  non-critical  fuels.  One  of  the 
goals  of  the  Department  of  Energy's  (DOE)  Division  of  Energy  Storage 
Systems  is  to  provide  the  storage  technology  capability  to  provide  at 
least  10%  of  the  industrial  process  heat  or  energy  requirements  of  the 
U.S.  industry  by  the  year  2000.  The  purpose  of  Industrial  Storage 
Applications,  one  element  of  DOE'S  Thermal  Energy  Storage  Program,  is  to 
develop  TES  systems  capable  of  contributing  to  the  achievement  of  DOE's 
goal  for  the  year  2000. 

In  order  to  achieve  this  long  range  goal  it  is  clear  that  in  the  mid-term 
time  frame  (CY  85-90)  demonstration  of  conservation  of  significant  amounts 
of  critical  fuels  is  required.  The  groundwork  to  do  this  was  started  with 
an  Energy  Research  and  Development  Administration  (ERDA)  funded  study  to 
determine  the  economic  and  technical  feasibility  of  TES  in  conjunction 
with  waste  heat  recovery  (Ref.  1).  This  study  was  directed  toward 
identifying  industrial  processes  characterized  by  fluctuating  energy 
availability  and/or  demand,  a key  criterion  for  TES  applicability. 

At  least  twenty  (20)  industries  were  identified  as  areas  where  thermal 
energy  storage  had  potential  for  application  to  some  degree.  After  the 
conclusion  of  this  general  feasibility  study  program,  ERDA  issued  a 
Program  Research  and  Development  Announcement  (PRDA).  This  PRDA  requested 
proposals  for  individual  studies  of  specific  industries  which  were  to  be 
selected  by  each  proposer.  The  overall  objective  was  to  identify  specific 
applications  of  TES  in  specific  industries  through  these  system  studies, 
and  in  subsequent  work  develop  and  validate  potential  systems,  demonstrate 
feasibility  on  a large  scale,  and  then  transfer  the  technology  to  the 
total  industry  to  result  in  widespread  implementation. 

As  a result  of  this  PRDA  (and  after  the  then  recent  metamorphosis  from 
ERDA  to  DOE)  DOE's  Division  of  Energy  Storage  Systems  awarded  five 
contracts  to  study  five  industries  with  potential  significant  energy 
savings  through  the  use  of  TES  systems.  These  industries  were  paper  and 
pulp,  food  processing,  steel  and  iron,  cement,  and  primary  aluminum.  The 
aluminum  study  produced  results  that  were  applicable  to  district  heating 
systems.  Because  of  this  distinct  application  the  aluminum  study  results 
(Ref.  2)  and  subsequent  follow-on  work  are  being  discussed  under  Building 
Heating  and  Cooling  Applications  and  will  not  be  discussed  here. 
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The  other  four  system  studies  were  conducted  with  each  one  having  a 
similar  generalized  task  breakdown  structure.  An  analytical  survey  was 
conducted  for  each  industry  to  determine  the  potential  jtotal  recoverable 
energy.  Candidate  storage  systems  and  applications  for  using  the 
recovered  energy  were  evaluated.  Preliminary  conceptual  designs  were 
evolved  for  which  performance  analyses  were  conducted.  Economic  analyses 
were  made  for  the  most  promising  designs,  and  the  potential  technical 
feasibility  and  economic  benefits  were  assessed  and  summarized.  Any 
development  required  was  identified,  and  each  study  was  concluded  with  a 
commercialization  plan  being  formulated. 

The  results  of  these  studies  indicated  that  within  these  industries 
thermal  energy  storage  of  process  and  reject  heat  for  subsequent  in-plant 
use  appears  to  be  economically  and  technically  feasible  with  significant 
near-term  conservation  benefits.  Potential  annual  fuel  savings  with  large 
scale  implementation  of  near-term  TES  systems  for  these  industries  is  over 
9 x 106bbl  of  oil.  This  savings  is  due  to  recuperation  and  storage  in 
the  food  processing  industry,  direct  fuel  substitution  in  the  paper  and 
pulp  industry,  and  reduction  in  electric  utility  peak  fuel  use  through 
in-plant  production  of  electricity  from  utilization  of  reject  heat  in  the 
steel  and  cement  industries. 

The  technology  identified  falls  into  three  categories:  (1)  Existing 

operational  TES  system  applications  for  which  detailed  information  has  not 
been  made  public;  (2)  Promising  system  applications  that  involve  current 
technology,  require  no  development,  and  are  ready  for  immediate  technology 
demonstration  to  stimulate  commercial  introduction;  and  (3)  Promising 
system  applications  that  require  development  prior  to  a large  scale 
industrial  technology  demonstration. 

The  paper  and  pulp  application  (category  1)  is  summarized  in  Figure  1. 

For  mills  with  hog  fuel  (wood  waste)  boilers  with  excess  steam  generation 
capacity,  TES  would  allow  the  substitution  of  more  hog  fuel  for  oil  or 
natural  gas.  Typically,  the  base  loaded  hog  fuel  boilers  with  slow 
response  times  are  augmented  by  oil  or  gas  boilers  to  meet  rapid  steam 
demands.  TES  through  the  use  of  a steam  accumulator  can  provide  a load 
smoothing  capability  that  would  directly  reduce  the  use  of  oil  or  natural 
gas.  The  results  of  this  study  are  presented  in  Ref. 3. 

Mills,  both  in  the  U.S.  and  the  Scandanavian  countries,  have  been 
identified  with  such  TES  systems  in  place.  However,  information  on  these 
systems  has  not  been  made  publicly  available.  A contract  will  soon  be 
awarded  for  a program  to  obtain,  analyze  and  disseminate  this  information 
to  the  U.S.  paper  and  pulp  industry.  A more  detailed  discussion  of  this 
program  appears  later  in  this  same  section. 
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The  food  processing  application  (category  2)  is  summarized  in  Figure  2. 

TES  in  conjunction  with  recuperation  can  reduce  energy  consumption  in  a 
typical  food  canning  plant.  Preheating  fresh  make-up  water  through 
conventional  heat  exchange  with  the  waste  hot  water  stream  results  in  a 
direct  conservation  of  energy.  In  addition,  when  the  process  demands 
diminish  while  waste  hot  water  is  still  available,  the  heated  incoming 
fresh  water  can  be  diverted  to  storage.  Hot  water  that  accumulates  in 
storage  during  the  production  period  would  then  be  used  during  the 
equipment  clean-up  period.  Results  of  this  study  are  presented  in  Ref.  4. 

It  was  concluded  that  waste  heat  recovery  from  selected  food  processes  is 
technically  feasible  and  can  be  performed  economically  using  available, 
off-the-shelf  hardware.  Therefore,  a contract  is  being  negotiated  to 
proceed  with  a technology  demonstration  in  a food  canning  plant.  This 
demonstration  will  be  used  to  evaluate  actual  hardware  performance,  to 
optimize  the  system  design,  and  to  determine  actual  costs  and  benefits 
resulting  from  the  waste  heat  recovery  and  storage  system.  The  results 
will  then  be  publicized  to  encourage  the  installation  of  similar  waste 
heat  recovery  systems  within  the  food  processing  industry. 

The  steel  and  iron  application  (category  3)  is  summarized  in  Figure  3. 

Hot  gas  in  the  primary  fume  evacuation  system  of  electric  arc  steel 
remelting  furnaces  is  the  reject  heat  energy  source.  The  fume  stream 
would  charge  a solid  sensible  heat  storage  packed  bed.  Discharge  of  the 
TES  system  through  a heat  exchanger  would  generate  steam  to  drive  a 
turbogenerator.  TES  is  used  to  permit  electric  power  to  be  generated 
during  peak  demand  times  instead  of  continuously.  The  economic  benefits 
to  be  derived  from  the  use  of  TES  for  peak  power  generation  is  a direct 
function  of  either  a demand  charge,  time  of  day  pricing,  or  a combination 
of  both.  Results  of  this  study  are  presented  in  Ref.  5. 

Although  the  TES  concept  of  this  study  yielded  favorable  predictions  of 
critical  fuel  displacement  and  investment  returns,  the  approach  is  not 
ready  to  be  applied  directly  to  a full  scale  demonstration  without  an 
interim  concept  development  period.  Therefore,  any  further  work  will  have 
to  be  as  a result  of  competition  with  other  applications  in  a similar 
state  of  readiness.  This  will  be  discussed  further  after  the  next  system 
study  discussion. 

The  cement  application  (category  3)  is  summarized  in  Figure  4.  Hot  gas 
from  a long,  dry-process  cement  kiln  would  be  used  in  a waste  heat  boiler 
to  produce  steam  for  driving  a turbogenerator  to  produce  electricity  for 
in-process  use.  Approximately  80-90%  of  the  kiln  exit  gas  would  go 
directly  through  the  waste  heat  boiler  with  the  resttieing  used  to  charge 
a solid  sensible  heat  storage  packed  bed.  When  the  kiln  is  down  for 
maintenance  the  packed  bed  would  be  discharged  through  the  waste  heat 
boiler  thereby  eliminating  a power  demand  charge  which  could  be 
significant.  Results  of  this  study  are  presented  in  Ref.  6. 
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The  results  of  the  cement  study  are  similar  to  those  of  the  steel  study. 
Favorable  predictions  of  critical  fuel  savings  and  investment  returns 
resulted,  but  an  interim  concept  development  period  would  be  required. 

A procurement  activity  is  in  progress  for  the  development  and  technology 
demonstration  of  thermal  energy  storage  systems  for  industrial  process  and 
reject  heat  applications.  This  will  be  a competitive  procurement  with 
multiple  awards  planned.  Because  of  the  pending  contracts  involving  TES 
in  the  paper  and  pulp  and  food  processing  industries,  these  industries  are 
being  excluded  from  this  procurement.  The  emphasis  of  this  procurement  is 
to  more  fully  evaluate  U.S.  industry  for  other  applications  of  in-plant 
use  of  stored  thermal  energy  using  cost-effective  near-term  technology. 
In-plant  use  is  being  specified  to  preclude  proposals  for  district  heating 
applications  which  are  being  adequately  covered  by  the  follow-on  effort  to 
the  aluminum  study. 

The  objective  of  this  procurement  is  to  develop,  if  needed,  and 
demonstrate  TES  systems  that  offer  the  potential  of  saving  significant 
quantities  of  energy  or  critical  fuels  in  the  near-term  on  a cost-effective 
basis.  Specific  goals  are  to:  contribute  to  the  DOE  goal  of  providing 

10%  of  the  U.S.  industry's  process  heat  or  energy  requirements  by  the  year 
2000  through  thermal  energy  storage;  be  cost-effective  by  providing  a 
return-on- investment  that  will  significantly  attract  broad  scale 
implementation;  be  acceptable  by  the  industry  as  being  operationally  safe 
and  reliable;  and  be  environmentally  acceptable.  Cost-sharing  will  be  an 
important  factor  in  contract  awards  for  this  procurement. 

Figure  5 summarizes  in  a schedular  form  the  major  activities  under  the 
Industrial  Storage  Applications  element.  Line  1 shows  the  continuing 
System  Studies  and  Supporting  Technology  activity.  The  PRDA  system 
studies  discussed  in  this  paper  produced  significant  results  that  were 
transferred  to  other  activities.  The  Technology  Transfer  to  Paper  and 
Pulp  Industry  activity  is  anticipated  as  being  an  18  month  program  from 
early  1980  to  mid-1981.  The  Technology  Demonstration  for  Food  Processing 
Industry  activity  is  a three-year  program  from  early  1980  to  1983.  The 
Development  and  Technology  Demonstration  for  Selected  Near-Term  In-Plant 
Applications  is  anticipated  as  being  a five-year  program  from  mid-1980  to 
mid-1985.  Continuing  System  Studies  activities  include  Heat  Transport 
Applications,  Solar  Industrial  Applications  and  New  or  Advanced 
Applications.  Significant  results  from  this  activity  will  be  transferred 
in  early  1982  to  Development  and  Technology  Demonstration  for  Advanced 
Applications.  An  important  factor  in  all  of  these  activities  is  the 
continued  implementation  of  technology  transfer  through  information 
collection  and  dissemination. 
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SYSTEM  STUDY  RESULTS 


INDUSTRY:  PAPER  AND  PULP 

CONTRACTOR:  BOEING  E*0EYERHAEUSEySRI  INTERNATIONAL 

Heat  Sources  in  Paper  and  Pulp  Hill 

0 EXCESS  STEAM  FROM  HOC  FUEL  (HOOD  HASTE)  BOILER  DURINd  LOH 
STEAM  DEMAND  PERIOD 

Energy  End  Use  Applications 
o process  steam 
0 FEEDHATER  HEATING 


Recovery/Storage/Reuse  System  Selected 

0 6ENERATE  EXCESS  STEAM  DURING  LOH  DEMAND  PERIODS 
0 STORE  IN  STEAM  ACCUMULATOR 

0 PROVIDE  PROCESS  STEAM  DIRECTLY  OR  USE  FOR  FEEDHATER 
HEATING  DURING  HIGH  DEMAND  PERIODS 
0 SAVE  100,000  BBL  OIL/MILL  ANNUALLY;  30Z  RETURN  ON  INVESTMENT 


Figure  1 


SYSTEM  STUDY  RESULTS 


INDUSTRY:  FOOD  PROCESSING 

CONTRACTOR:  WEST I NGHOUSE/HEI NZ 

Heat  Sources  in  Food  Processing  Plants 

0 HOT  HASTE  HATER  FROM  FOOD  PROCESSING 

Energy  End  Use  Applications 
0 EQUIPMENT  CLEAN  UP 

0 PREHEAT  INCOMING  HATER  FOR  FOOD  PROCESSING 


Recovery/Storage/Reuse  System  Selected 

0 CAPTURE  HEAT  FROM  HASTE  HATER 

0 STORE  Z1  IN  HOT  HATER  TANK;  USE  REST  FOR  PREHEAT 
0 USE  TOPPED-OFF  STORED  HATER  FOR  EQUIPMENT  CLEAN  UP 
0 SAVE  3-5Z  OF  FUEL  USAGE:  3 YEAR  PAYBACK  PERIOD 


Figure  2 
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SYSTEM  STUDY  RESULTS 


INDUSTRY:  STEEL  NO  IRON 

CONTRACTOR:  ROCKET  RESEAROJ^ETHLEHEH  STEEL/^EATTLE  CITY  LIGHT 

Heat  Sources  in  Electric  Arc  Steel  Plant 

o primary  fume  stream  from  electric  arc  furnace 

SOAK  PIT  STACK  GASES 

BAR  MILL  FURNACE  STACK  GASES 

Ener6y  End  Use  Applications 

O ELECTRICAL  ENERGY  GENERATION 
INGOT  PREHEATING 
COMBUSTION  AIR  PREHEATING 
SCRAP  PREHEAT! N6 

RECOXERY/SlgM«/REU5E  SYSTEM  SELECTED 

0 CAPTURE  HEAT  FROM  ELECTRIC  ARC  FURNACE  FUME  STREAM 
0 STORE  IN  PACKED  BED 

0 GENERATE  STEAM  TO  PRODUCE  ELECTRICITY  DURING  PEAK  PERIODS 
0 SAVE  2 I 10&  BBL  OIL  ANNUALLY;  5 YEAR  PAYBACK  PERIOD 


Figure  3 


SYSTEM  STUDY  RESULTS 

INDUSTRY:  CEMENT 

CONTRACTOR:  MARTIN  MARIETTA  AEROSPAC^I.  H.  CEMENT/h*TLAHD  CEMENT  ASSOCIATION 

Heat  Sources  in  Dry  Kiln  Cement  Plants 

0 KILN  EXIT  GAS 
0 CLINKER  COOLER  HASTE  GAS 
KILN  SHELL  HEAT  LOSS 

Energy  End  Use  Applications 

o electrical  energy  generation 

RAN  MATERIAL  DRYING 
FUEL  DRYING 

OIL  VISCOSITY  REDUCTION 

RECQVERY/STPR  AGEiflUUSE  -SlSTEIf-SELECIEB 
0 CAPTURE  HEAT  FROM  KILN  EXIT  GAS  AND  CLINKER  COOLER  HASTE  GAS 
0 STORE  IN  PACKED  BED 

0 GENERATE  STEAM  TO  PRODUCE  ELECTRICITY  EVEN  NHEN  KILN  IS  DOW 
0 SAVE  B 1 1(£  BBL  OIL  ANNUALLY  FOR  INDUSTRY;  SOX  ROI  FOR 
COMBINED  SYSTEM 


Figure  4 
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INDUSTRIAL  THERMAL  STORAGE  APPLICATIONS 
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APPLICATIONS  OF  THERMAL  ENERGY  STORAGE  TO  WASTE  HEAT  RECOVERY 
IN  THE  FOOD  PROCESSING  INDUSTRY 

F.  Wojnar  and  W.  L.  Lundberg 

H.  J.  Heinz  Company  Westinghouse  Electric  Corporation 


PROJECT  OUTLINE 

Project  Title:  TES  for  Food  Processing  Assessment 

* 

Principal  Investigator:  Wayne  L.  Lundberg 

Organization:  Westinghouse  Electric  Corporation 

Advanced  Energy  Systems  Division 
P.0.  Box  10864 
Pittsburgh,  PA  15236 
Telephone:  (412)  892-5600 

Project  Goals:  To  assess  the  potential  for  waste  heat  recovery  In  the 

food  processing  industry  and  to  evaluate  prospective 
waste  heat  recovery  systems  and  the  benefits  of  thermal 
energy  storage. 

Analyze  factory  and  food  system  operations  of  two 
manufacturing  plants  of  Heinz  USA  Division  of  H.  J. 
Heinz  Company  to  determine  waste  heat  availability 
applications 

Perform  a waste  heat  recovery  system  design 
Assess  potential  energy  savings  in  the  food  industry 
Recommend  a demonstration  plan 

Project  Status:  Waste  heat  is  available  in  significant  quantities 

which  can  be  used  for  existing,  on-site  energy  demands 

Thermal  energy  storage/waste  heat  recovery  (TES/WHR) 
systems  can  be  effectively  applied  In  these 
applicati ons 

Economics  for  waste  heat  recovery  can  be  attractive 
for  facilities  with  high  energy  demand  levels 

Return-On-Investment  for  recommended  TES/WHR  Is 
estimated  at  35-40% 

Contract  Number:  EC-77 -C-01 -5002 

Contract  Period:  August  1977  to  October  30,  1978 

Funding  Level:  $96,195 

Funding  Source:  U.S.  Department  of  Energy 

Division  of  Energy  Storage  Systems 
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APPLICATIONS  OF  THERMAL  ENERGY  STORAGE  TO  WASTE  HEAT  RECOVERY 
IN  THE  FOOD  PROCESSING  INDUSTRY 
F.  Wojnar 

H.  J.  Heinz  Company 
W.  L.  Lundberg 

Westinghouse  Electric  Corporation 


SUMMARY 


The  canning  segment  of  the  food  processing  industry  is  a major  energy 
user  within  that  industry.  Most  of  its  energy  demand  is  met  by  hot  water  and 
steam  and  those  fluids,  in  addition  to  product  cooling  water,  eventually  flow 
from  the  processes  as  warm  waste  water.  To  minimize  the  possibility  of 
product  contamination,  a large  percentage  of  that  waste  water  is  sent  directly 
to  factory  drains  and  sewer  systems  without  being  recycled  and  in  many  cases 
the  thermal  energy  contained  by  the  waste  streams  also  goes  unreclaimed  and 
is  lost  from  further  use.  A study  discussed  herein  indicates  that  the 
recovery  of  waste  heat  in  canning  facilities  can  be  performed  in  significant 
quantities  using  systems  involving  thermal  energy  storage  (TES)  that  are  both 
practical  and  economical.  A demonstration  project  has  been  proposed  to 
determine  actual  waste  heat  recovery  costs  and  benefits  and  to  encourage 
system  implementation  by  the  food  industry. 


BACKGROUND 


A study  project*  was  conducted  by  Westinghouse  and  completed  in  October, 
1978  to  assess  the  potential  for  waste  heat  recovery  in  the  food  industry  and 
to  evaluate  prospective  waste  heat  recovery  system  concepts  employing  thermal 
energy  storage.  The  project  was  performed  with  the  cooperation  of  the  H.  J. 
Heinz  Company  (USA  Division)  and  during  the  project,  Heinz  USA  arranged 
access  to  two  of  their  manufacturing  plants  and  permitted  Westinghouse 
personnel  to  analyze  factory  operations  and  food  system  performance  at  each 
site.  The  project's  most  productive  work  was  accomplished  at  the  company's 
Pittsburgh  Factory.  The  Pittsburgh  plant  is  engaged  in  the  manufacture  of 
baby  foods  and  juices,  canned  soups  and  canned  bean  products.  This  product 
line  places  the  factory  in  the  Canned  Specialties  (SIC  2032)  industry  but 
the  food  processes  and  the  associated  hardware  are  also  common  to  the  Canned 
Fruits  and  Vegetables  (SIC  2033)  segment  of  the  food  industry.  Therefore, 
the  results  of  work  at  the  factory  would  be  applicable  to  SIC  2033  as  well 
as  to  Canned  Specialties  and  they  did  in  fact  prove  to  be  particularly 


♦Contract  EC-77-C-01-5002,  8/31/77  - 9/30/78,  $96,195.00. 
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interesting  and  attractive.  They  showed  that  a variety  of  waste  heat  sources 
and  applications  are  available  at  a food  canning  facility  and  that  those 
sources  and  applications  could  be  coupled  economically  by  systems  containing 
a storage  element. 

The  Pittsburgh  Factory  operates  several  common  food  processing  systems 
(can/bottle  washers,  continuous  coolers,  stationary  retorts  and  continuous 
pasteurizers)  that  produce  heated  waste  water  having  temperatures  in  the  100 
to  200°F  range.  The  waste  water  streams  are  sent  directly  to  the  factory  drain 
system  as  they  emerge  from  the  processes  and  waste  heat  recovery  currently  is 
not  attempted.  Flow  rate  and  temperature  data  were  taken  from  each  system 
during  the  study  and  it  was  concluded  that  the  temperatures  were  sufficiently 
high  to  permit  accessing  a portion  of  the  available  waste  heat  by  conventional 
heat  exchange.  Three  separate  energy  demands  occur  at  the  Pittsburgh  Factory 
that  could  use  this  energy.  They  involve  the  heating  of  boiler  make-up  water, 
fresh  water  for  the  food  processes  and  factory  clean-up  water.  The  make-up 
and  food  processing  demands  peak  during  the  one  or  two  production  shifts  of 
each  day  in  unison  with  waste  heat  availability.  Therefore,  supplying  waste 
heat  to  those  demands  will  generally  not  involve  significant  storage.  The 
hot  water  clean-up  effort,  however,  is  performed  after-hours  when  the  pro- 
duction systems  are  down  and  meeting  a portion  of  that  energy  demand  with 
waste  heat  from  the  production  period  would  of  course  require  a buffering 
storage  device. 

To  assess  the  role  of  TES  in  canning  industry  waste  heat  recovery,  a 
recovery  system  concept  for  application  to  the  factory's  Meat  Products 
Building  was  devised  and  analyzed.  Meat  Products  is  the  largest  manufacturing 
unit  at  the  factory  and  it  houses  several  food  processing  operations  and  two 
waste  heat  applications  that  cause  it  to  be  similar  in  a variety  of  ways  to 
manufacturing  plants  operated  by  other  food  processing  companies  throughout 
the  industry.  The  waste  water  streams  to  be  collected  by  the  system  (see 
fig.  1)  would  come  from  the  stationary  retorts,  the  can  and  bottle  washers 
installed  on  several  product  filling  lines  and  from  the  continuous  pasteur- 
izing system.  The  high  temperature  waste  streams  from  these  processes  will 
flow  by  gravity  to  a collection  tank  and  then  by  forced  flow  to  a plate  heat 
exchanger  where  heat  will  be  transferred  to  circulating  fresh  water.  The  hot 
fresh  water  will  then  return  to  the  food  processes  via  the  thermal  energy 
storage  tank  and  the  existing  water  heater  system  (serving  with  the  recovery 
system  in  a topping  capacity)  while  the  cooled  waste  water  will  flow  directly 
to  the  existing  drain  system.  The  circulation  flow  rate,  Wp,  in  the  heat 
exchanger/TES  loop  will  be  controlled  to  satisfy  the  daytime  production  demand 
for  hot  fresh  water,  Wp,  and  also  to  accumulate  during  the  production  period 
a surplus  volume  of  hot  water  which  will  be  stored  for  later  use  during 
clean-up  operations.  The  analysis  of  the  system  concept  demonstrated  a 
fundamental  fact  about  waste  heat  recovery  using  thermal  storage.  Storage  is 
beneficial  in  that  it  permits  the  recovery  of  an  additional  increment  of 
waste  heat  over  that  which  can  be  used  immediately  at  the  time  of  waste  heat 
production.  However,  storage  is  also  expensive  and  generally,  at  current  fuel 
values,  it  will  not  support  itself  economically.  Therefore,  in  a total 
recovery  system  involving  storage,  the  storage  portion  must  be  "carried"  by 
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a relatively  low  cost  element  that  recycles  waste  heat  immediately.  By  this 
approach,  it  is  possible  to  design  and  optimize  the  total  system  for  maximum 
heat  recovery  while  still  meeting  the  investment  return  hurdle  rate. 

The  study  predicted  reductions  in  fossil  fuel  usage  at  the  factory  of 
nearly  3%  through  installation  of  the  Meat  Products  waste  heat  recovery  system. 
Projecting  this  to  the  canning  segments  (SIC  2032  and  2033)  of  the  food  industry 
results  in  an  annual  industry  energy  saving  of  approximately  0.002  x 1015  Btu 
having  a fuel  oil  equivalent  of  340,000  barrels.  It  should  also  be  recognized 
that  the  same  recovery  system  concept  may  be  applicable  to  other  segments  of  the 
food  industry  besides  canning.  A possible  example  is  the  frozen  food  industry 
where  high  temperature  waste  heat  is  now  available  in  refrigerant  vapor  (as 
opposed  to  hot  waste  water).  This  energy  could  be  used  to  preheat  the  large, 
quantities  of  hot  fresh  water  that  are  required  in  many  frozen  food  plants 
during  the  production  periods  and  during  the  after-hours  clean-up.  Alternate 
system  applications  in  industry  segments  other  than  canning  would  lead  to 
even  larger  reductions  in  fuel  usage  and  they  should  be  fully  explored. 

The  predicted  payback  period  for  the  Meat  Products  system  is  approximately 
three  years.  The  Meat  Products  Building  houses  seven  production  floors  and 
the  recovery  system  piping,  which  accounts  for  nearly  one-third  of  the  opera- 
tional system's  cost,  must  traverse  all  seven  floors.  Still,  the  predicted 
payback  would  be  acceptable  to  most  companies  and  it  quite  possibly  could  be 
less  than  three  years  if  the  system  were  installed  in  a more  compact  factory. 

In  view  of  this,  the  system  commercialization  prospects  are  attractive. 

The  best  procedure  for  convincing  industry  that  waste  heat  recovery  by 
this  method  can  be  carried  out  economically  and  without  adversely  affecting 
product  quality  or  plant  operations  is  to  install  a demonstration  system  and 
then  to  carefully  monitor  its  performance  and  report  the  findings.  A project 
to  do  precisely  that  at  the  Pittsburgh  Factory  has  been  proposed  by  Heinz  USA 
and  the  following  section  addresses  the  purpose,  task  and  schedular  features 
of  that  proposal . 


DEMONSTRATION  PROJECT 


Purpose  and  Participants 


The  purpose  of  the  demonstration  project  proposed  by  Heinz  USA  is  four- 
fold: 

1.  To  design,  install  and  place  in  operation  a system  employing 
thermal  energy  storage  that  will  recover  heat  from  food  system 
waste  water. 

2.  To  monitor  the  operation  of  the  waste  heat  recovery  system  in 
a production  setting  over  a period  of  one  year,  to  assess  its 
performance  and  to  evaluate  the  benefits  that  accrue  environ- 
mentally and  in  the  form  of  dollar  and  fossil  fuel  savings. 
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3.  To  effectively  inform  the  food  industry,  particularly  the 
canning  segment,  concerning  the  actual  costs  and  benefits 
of  system  operation  and  to  encourage  industry  acceptance 
and  implementation  of  the  system  concept. 

4.  To  recommend  a plan  for  system  implementation  in  the  food 
processing  industry. 

In  particular,  the  demonstration  system  will  be  based  upon  the  concept 
described  above  and  it  will  be  installed  in  the  factory's  Meat  Products 
Building  where  it  will  service  food  processes  that  are  housed  in  that  building. 
The  system  design  will  conform  to  standard  Heinz  engineering  practice  and  it 
will  abide  by  all  applicable  food  industry  regulations  as  imposed  by  the 
regulating  agencies  - USDA,  FDA,  OSHA,  etc.  Actual  costs  incurred  to  design 
and  place  the  system  in  operation  will  be  carefully  recorded,  recognizing  that 
a study  of  the  system's  economic  performance  will  be  of  prime  importance. 

The  recovery  system  will  be  equipped  with  normal  operational  instrumentation. 
It  will  also  be  equipped  with  special  demonstration  instrumentation  and  an 
automatic  data  acquisition  system  (DAS).  The  demonstration  instrumentation  and 
the  DAS  would  normally  not  be  required  in  a production  version  of  the  waste  heat 
recovery  system.  In  this  case,  however,  that  equipment  is  essential  to  assess 
the  system's  thermal  performance.  All  data  collected  by  the  DAS  will  be  stored 
in  a form  compatible  with  a separate  computer  system  which  will  be  used  to 
analyze  the  data  during  the  performance  evaluation  phase. 

Under  the  proposed  management  plan,  Heinz  USA  will  have  overall  project 
management  responsibility  and  will  execute  the  efforts  of  system  definition 
review,  system  fabrication,  installation,  checkout,  and  operation.  Other 
phases  of  the  project  will  be  subcontracted  by  Heinz  USA.  The  demonstration 
system  engineering  and  operational  evaluation  work  is  planned  for  subcontract- 
ing to  the  Advanced  Energy  Systems  Division  of  the  Westinghouse  Electric 
Corporation.  Westinghouse  would  then  develop  a detailed  engineering  design 
for  the  system  which  would  include  the  preparation  of  engineering  drawings, 
operation  and  maintenance  procedures  and  manuals  and  predictions  of  system 
performance  characteristics.  In  addition,  Westinghouse  would  monitor  and 
evaluate  actual  system  performance,  prepare  performance  analyses  and  carry 
out  the  program  control  and  reporting  functions. 

It  is  planned  that  execution  of  the  technology  transfer  task  will  be 
delegated  to  the  National  Food  Processors  Association  (NFPA).  As  part  of  that 
effort,  the  NFPA  would  be  responsible  for  an  assessment  of  the  system  imple- 
mentation potential  within  the  food  processing  industry  and  for  an  analysis 
of  benefits  that  would  accrue  if  this  implementation  potential  materialized. 
Further,  the  NFPA  would  plan  and  conduct  on-site  project  reviews.  The  reviews 
would  be  attended  by  food  industry  personnel  to  report  progress  and  to  assess 
project  results  and  findings.  In  addition,  the  NFPA  would  coordinate  the 
development  of  a plan  for  implementing  the  demonstration  system  concept  on 
an  industry-wide  basis. 
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Proposed  Project  Tasks 


The  proposed  project  would  consist  of  five  technical  tasks  geared  to 
accomplishing  the  objectives  identified  above.  The  tasks  are  described  below. 


Task  1 - System  Definition  Review  and  Demonstration  Plan  Preparation 

During  this  task,  all  previous  work  and  the  resulting  system  concept  will 
be  reviewed  to  verify  the  concept's  acceptability.  This  effort  is  needed  to 
provide  the  best  system  base  for  the  demonstration  project.  The  second  Task  1 
effort  will  address  the  preparation  of  a demonstration  plan.  This  work  will 
involve  all  project  participants  and  will  establish  program  details  and  a 
detailed  schedule  to  meet  the  program  goals. 


Task  2 - System  Design 

In  Task  2,  the  demonstration  system  design  will  be  completed  and  all 
system  hardware  will  be  specified  based  upon  the  concept  stemming  from  the 
completed  Task  1.  In  addition,  an  operation  and  maintenance  manual  will  be 
prepared  and  a major  design  review  will  be  conducted.  The  design  resulting 
from  Task  2 will  consider  and  include  all  operational  hardware,  instruments 
and  controls  and  all  hardware  for  the  measurement  and  recording  of  special 
demonstration  performance  data. 


Task  3 - System  Fabrication,  Installation  and  Checkout 

Task  3 will  include  the  procurement  of  all  hardware  for  the  demonstration 
system  and  its  installation  and  checkout  at  the  Heinz  USA  Pittsburgh  Factory. 
The  checkout  phase  will  exercise  all  operational  equipment,  the  special 
demonstration  instruments  and  DAS  and  the  data  analysis  computer  program. 


Task  4 - Performance  Demonstration  and  Evaluation 

The  objective  of  this  task  is  to  assess  the  system's  thermal  performance, 
its  operational  performance  and  its  practicality  in  a production  setting.  This 
work  will  be  based  largely  upon  data  from  the  proposed  demonstration  instruments 
(see  fig.  2)  which  will  be  used  to  determine  heat  recovery  rates  and  to  evaluate 
important  operational  concerns  such  as  heat  exchanger  fouling  rates  and  heat 
exchanger  maintenance/cleaning  requirements. 


Task  5 - Technology  Transfer 

This  task  is  of  major  importance  and  its  purpose  is  three-fold. 

• To  communicate  demonstration  plans  and  results  to  the  food 
processing  industry  and  in  particular  to  those  industry 
segments  involved  in  the  preparation  of  canned  food  products. 
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# To  assess  the  potential  for  implementing  the  demonstration 
system  concept  within  the  canning  and  food  processing 
industries. 

• To  prepare  a logical  and  efficient  plan  that  will  encourage 
system  implementation  within  those  industries. 

The  Task  5 work  will  be  coordinated  by  the  National  Food  Processors  Association 
using  established  lines  of  communication  between  the  association  and  its  850 
member  firms.  The  NFPA  is  a major  canning  industry  trade  association  and  its 
members  are  responsible  for  90%  of  the  canned  goods  packed  in  the  United  States 
for  human  consumption.  This  organization  is  therefore  well  suited  and  a 
logical  choice  to  handle  the  technology  transfer  effort. 


Demonstration  Project  Schedule 


The  proposed  project  schedule  is  shown  in  fig  3. 


CONCLUSION 


Heat  recovery  applying  storage  is  relatively  expensive  and  the  completed 
study  shows  that  to  operate  economically,  a recovery  system  containing  a 
storage  feature  will  require  an  appropriate  mix  of  immediate-need  and  storage- 
based  waste  heat  applications.  The  survey  work  performed  at  the  Heinz  Pittsburgh 
Factory  indicates  that  low  grade  waste  heat  (<200°F)  is  available  in  abundance 
in  food  canning  facilities  in  the  form  of  hot  waste  water  streams  and  that  a 
variety  of  suitable  low  temperature  applications  with  the  required  mix  will 
also  exist.  The  study  predicted  attractive  fuel  savings  and  payback  periods 
and  therefore  a demonstration  effort  to  verify  those  predictions  should  be 
launched  and  has  been  proposed. 
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- Waste  Heat  Recovery  System  Schematic 


TO  FOOD  PROCESSES 
AND  CLEAN-UP 
STATIONS 


ec 

Hi 
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Demonstration  System  Instrumentation 


TIME  FROM  PROJECT  START  - YEARS 
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COLLECTION  AND  DISSEMINATION  OF  TES  SYSTEM  INFORMATION 

FOR  THE  PAPER  AND  PULP  INDUSTRY 

M.  W.  Dietrich 
NASA  Lewis  Research  Center 


PROJECT  OUTLINE 

Project  Title:  Collection  and  Dissemination  of  Thermal  Energy  Storage 

System  Information  for  the  Paper  and  Pulp  Industry 

Principal  Investigator:  Howard  Edde 

Organization:  Howard  Edde,  Inc. 

1402  140th  Place,  N.  E. 

Bellevue,  WA  98007 
(207)  643-0900 

Project  Goals:  The  objectives  of  this  procurement  are  to  determine 

existing  applications  of  TES  in  both  the  U.S.  and 
international  paper  and  pulp  industries,  to  obtain  and 
analyze  the  operating  data  from  a representative  number  of 
these  mills,  and  to  transfer  this  information  to  the  U.S. 
paper  and  pulp  industry. 

The  Statement  of  Work  (SOW)  requires  the  contractor  to 
conduct  a knowledgeable  survey  of  both  U.S.  and 
international  paper  and  pulp  mills  using  thermal  energy 
storage  (TES)  systems  as  a part  of  their  production 
processes;  to  obtain  from  these  mills,  sufficient  operating 
data  to  conduct  a benefits  analysis  encompassing;  (a) 
energy  conservation  assessment,  (b)  economic  benefits 
analysis,  and  (c)  environmental  impact  assessment;  and 
propose  an  information  dissemination  plan  using  brochures, 
displays  and  presentations  at  paper  and  pulp  industry 
technical  and  management  meetings  that  will  effectively 
present  the  benefits  of  TES  to  the  U.S.  paper  and  pulp 
i ndustry. 

Project  Status:  Contract  initiation  meeting  held  in  February,  1980. 

Contract  Number:  DEN3-190 

Contract  Period:  January,  1980  to  March,  1981 

Funding  Level:  $113,816 

Funding  Source:  NASA  Lewis  Research  Center 
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COLLECTION  AND  DISSEMINATION  OF  TES  SYSTEM  INFORMATION 

FOR  THE  PAPER  AND  PULP  INDUSTRY 

M.  W.  Dietrich 
NASA  Lewis  Research  Center 

TASK  OVERVIEW 


o CONTRACTED  EFFORT 
o CONTRACTOR:  TBD 
o PERIOD  OF  PERFORMANCE:  15  MONTHS 

o STATUS:  COMPLETING  NEGOTIATIONS  WITH  POTENTIAL  CONTRACTORS. 
CONTRACT  TO  BE  AWARDED  IN  JANUARY,  1980. 


BACKGROUND 

o INITIAL  PAPER  AND  PULP  SYSTEMS  STUDY  (BOEING)  1978 
o IDENTIFIED  AM  OPERATIONAL  TES  INSTALLATION 
o DECISION  TO  PROCEED  DIRECTLY  TO  TECHNOLOGY  TRANSFER 
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PAPER  AND  PULP  ENERGY  SUPPLY  CHARACTERISTICS 


ENERGY  SUPPLY  CHARACTERISTICS  WITH  THERMAL  ENERGY  STORAGE 

ENERGY  STORAGE  CAN  REDUCE  FOSSIL  FUEL  CONSUMPTION 
FOR  LOAD  FOLLOWING  BY  ONE-HALF 
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EAPER-AND  PULP. 


Conclusions: 

SYSTEM  IS  ECONOMICALLY  AND  TECHNICALLY  FEASIELE  (>30%  ROD 

INDUSTRY  WIDE  CONSERVATION  POTENTIAL  IS  3 X 106  EBL  OIL/YR  (>1982) 

DEVELOPMENT  REQUIRED 
0 NONE 

TECHNOLOGY  DEMONSTRATION  POSSIBLE 

0 FULL  SCALE  IN  AN  OPERATING  MILL  BY  FY  81 


PAPER  AND  PULP  TECHNOLOGY  TRANSFER 


APPROACH 


o DETERMINE  EXISTING  APPLICATIONS  OF  TES  IN  BOTH  U.S.  AND 
INTERNATIONAL  PAPER  AND  PULP  MILLS 

o OBTAIN  AND  ANALYZE  OPERATING  DATA  FROM  A REPRESENTATIVE 
NUMBER  OF  THE  MILLS 

o DISSEMINATE  BENEFITS  FROM  THE  ANALYSIS  TO  THE  U.S.  PAPER 
AND  PULP  INDUSTRY 
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METHODOLOGY 


SURVEY. 

o CONDUCT  THOROUGH  SURVEY  OF  U.S.  AND  INTERNATIONAL  PAPER 
AND  PULP  MILLS 

o TABULATE  DATA  SHOWING  NAME  AND  LOCATION  OF  MILL,  PRODUCT, 
ANNUAL  PRODUCTION,  TYPE  AND  SIZE  OF  TES  SYSTEM,  STORAGE 
MEDIUM,  MAXIMUM  CHARGING  AND  DISCHARGING  RATES  OF  TES 
SYSTEM,  MAXIMUM  STEAM  CAPACITY,  MAXIMUM  ELECTRICAL 
GENERATING  CAPACITY,  FUEL  MIXTURE  (I.E.  X FOSSIL  FUEL, 

X OTHER) 

o REDUCE  TABLE  TO  "REPRESENTATIVE'’  LIST 

o DEFINE  OPERATING  CHARACTERISTICS  OF  "REPRESENTITIVE"  MILLS 
TO  OBTAIN  HEAT  SOURCES,  END  USES,  TYPICAL  PROCESS 
OPERATING  CYCLES,  ALL  STREAM  CONDITIONS,  PROCESS  THERMAL 
AND  ELECTRICAL  LOADS 


METHODOLOGY  - CONT. 


o CONDUCT  ENERGY  CONSERVATION  ASSESSMENT 
COMPARING  DATA  FROM: 

- RETROFITTED  MILLS  BEFORE  AND  AFTER  TES  INSTALLATION 

- NEWLY  BUILT  MILLS  WHICH  INCLUDE  TES  AS  A PART  OF 

THEIR  INITIAL  DESIGN 

o DETERMINE  ANNUAL  FUEL  SAVINGS  IN  BOE/TON  OF  OUTPUT  PRODUCT  FOR 
"REPRESENTATIVE”  MILLS 

o EXPAND  DATA  TO  BE  DESCRIPTIVE  OF  FUEL  CONSERVATION  POTENTIAL  FOR 
U.S.  PAPER  AND  PULP  INDUSTRY  FOR  EXTENSIVE  IMPLEMENTATION 

o PROJECT  FUEL  CONSERVATION  BENEFITS  FOR  NEAR-TERM  (THRU  1985) 

AND  LONG  TERM  (THRU  2000) 
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METHODOLOGY  - CQNT. 


o CONDUCT  AN  ECONOMIC  ANALYSIS  USING: 

- FUEL  CONSERVATION  PROJECTIONS 

- PRICE  PROJECTIONS  OF  OIL  GAS,  "HOG"  FUEL,  ELECTRICITY,  ETC. 

o COMPUTE  ROI  FOR  REPRESENTATIVE  TES  INSTALLATION 

o CONSIDER  ANY  OTHER  ECONOMIC  ADVANTAGE  OBTAINED  THRU  INSTALLATION 
OF  TES 

o PROJECT  ECONOMIC  BENEFITS  FOR  NEAR-TERM  (THRU  1985)  AND  LONG-TERM 
(THRU  2000)  ASSUMING  WIDE-SPREAD  IMPLEMENTATION  OF  TES  BY  THE  PAPER 
AND  PULP  INDUSTRY 

o CONDUCT  AN  ENVIRONMENTAL  IMPACT  ASSESSMENT 


METHODOLOGY  - CQNT. 

INFORMATION  DISSEMINATION 

o PREPARE  INFORMATION  DISSEMINATION  PLAN  TO  INCLUDE: 

- BROCHURES 

- DISPLAY 

- PRESENTATIONS  AND  MEETING  ATTENDANCE 
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3.4.1  Information  collection  and 
dissemination  - Paper/Pulp 
(CP:  TBO) 


Planning  Activity 


SOLAR  THERMAL  POWER  APPLICATIONS 


Program  Area  Synopsis: 

A comprehensive  development  of  thermal  storage  technologies  has 
been  planned  with  DOE  to  match  the  solar  thermal  power  system 
requirements  and  milestones  in  the  FY  80-85  period.  The  program 
provides  advanced  storage  subsystems  for  nearer  term  solar  thermal 
applications,  and  establishes  a storage  technology  base  for  future 
applications.  Early  efforts  will  stress  storage  for 
repower i ng/ industrial  retrofits,  total  energy,  and  small  community 
systems.  These  applications  reflect  the  current  direction  of  the 
Thermal  Power  Systems  Branch  of  the  DOE  Division  of  Central  Solar 
Technology.  The  program  will  be  implemented  by  DOE- designated  lead 
laboratories  with  overall  program  management  to  be  the  responsibility  of 
a DOE-designated  lead  center.  SERI's  tasks  as  they  relate  to  supporting 
research  and  technology  are  an  integral  part  of  this  activity. 
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SOLAR  THERMAL  POWER  STORAGE  APPLICATIONS 


LEAD  LABORATORY  OVERVIEW 

Lee  G.  Radosevich 
Sandia  Laboratories,  Livermore 

SUMMARY 

This  overview  describes  the  implementation  of  the  applications  elements  of 
the  Thermal  Energy  Storage  for  Solar  Thermal  Applications  (TESSTA)  program.  The 
TESSTA  program  evolved  from  a joint  plan  of  the  DOE  Division  of  Energy  Storage 
Systems  (STOR)  and  Central  Solar  Technologies  (CST) . The  program  includes  the 
accelerated  development  of  thermal  storage  technologies  matched  to  Solar  thermal 
power  system  requirements  and  scheduled  milestones.  The  program  concentrates  on 
storage  development  in  the  FY80  to  85  time  period  with  emphasis  on  the  more  near- 
term  solar  thermal  power  system  applications.  The  basic  strategy  of  the  program 
is  both  aggressive  and  flexible.  Reflecting  the  current  direction  of  the  Thermal 
Power  Systems  (TPS)  Branch,  CST,  storage  for  repowering/industrial  retrofit, 
total  energy,  and  small  community  system  applications  is  stressed  in  the  early 
years . 


GENERAL  PROGRAM  DESCRIPTION 

Recognizing  thermal  energy  storage  as  potentially  critical  to  the  successful 
commercialization  of  solar  thermal  power  systems,  the  DOE  Divisions  of  Energy 
Storage  Systems  (STOR)  and  Central  Solar  Technologiest  (CST)  have  established  a 
comprehensive  and  aggressive  thermal  energy  storage  technology  development  pro- 
gram in  direct  support  of  solar  thermal  power  applications.  The  program  concen- 
trates on  storage  subsystem  development  in  the  FY80  to  85  time  period  with 
emphasis  on  the  more  near-term  solar  thermal  power  system  applications. 

The  overall  objective  of  this  storage  development  program  is  to  develop 
general  solar  thermal  energy  storage  technologies  that  provide: 

* Second-generation  storage  subsystems  offering  cost/performance 
improvements  over  the  first-generation  storage  subsystems 
currently  being  developed  for  solar  thermal  power  applications . 

* First-generation  storage  subsystems  for  those  solar  thermal 
applications  that  presently  have  no  storage  subsystems  under 
development. 

* A technology  base  to  support  storage  subsystem  development  for 
future  solar  thermal  power  applications. 

Implementation  of  the  first  two  program  elements,  which  are  application 
oriented,  is  the  responsibility  of  the  Field  Lead  Laboratory,  Sandia  Laboratories 
Livermore  (SLL) , who  also  directs  and  coordinates  the  storage  activities  of  Jet 
Propulsion  Laboratory  (JPL)  and  Sandia  Laboratories  Albuquerque  (SLA) . The  Field 
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Lead  Laboratory  for  implementation  of  the  technology  base  goal  is  the  Solar 
Energy  Research  Institute  (SERI) . Private  industry,  competitively  selected, 
and  universities  perform  the  implementation  as  operating  contractors  with  SLL, 

SLA,  JPL,  and  SERI  performing  only  that  R&D  appropriate  to  a national  laboratory 
and  necessary  for  management  of  the  program. 

APPLICATIONS  PROGRAM  DESCRIPTION 

The  applications  portion  of  the  program  has  been  divided  into  seven  major 
elements  according  to  the  tasks  outlined  in  Figure  1.  The  first  element 
represents  generic  activities  required  to  support  program  management  functions; 
the  remaining  six  elements  are  keyed  to  storage  development  for  specific  collec- 
tor/receiver technologies.  Several  tasks  have  been  further  divided  into  subtasks 
which  represent  specific  concepts  being  pursued.  Project  applications*  for  the 
six  major  elements  have  been  identified  to  provide  a development  focus  for  the 
storage  technology  development.  The  relation  between  the  elements  and  the  project 
applications  is  shown  in  Figure  2.**  A summary  description  of  first  and  second 
generation  thermal  energy  storage  technologies  for  each  application  element  is 
given  in  Table  I. 

The  TESSTA  program  has  developed  cost  and  performance  goals  for  these  solar 
thermal  system  applications.  Representative  goals  for  both  first  generation  and 
second  generation  systems  are  shown  in  Table  II. 

The  cost  goals,  which  assume  fully  developed  storage  technologies  incorporated 
in  large  commercial  systems,  represent  the  lowest  achievable  total  capital  cost 
consistent  with  system  performance  requirements.  They  were  based  on  the  results 
of  studies  of  commercial  solar  and  conventional  power  systems  that  incorporate 
thermal  energy  storage. 

A general  performance  goal  for  a storage  subsystem  is  to  maximize  the  round 
trip  efficiency,  that  is,  maximize  system  performance  when  operating  from  storage. 
The  round  trip  efficiency  combines  the  recoverable  energy  and  power  cycle  conver- 
sion efficiencies  of  the  storage  subsystem.  High  recoverable  energy  efficiency, 
that  is,  the  energy  out  of  storage  divided  by  the  energy  in,  is  important  in  that 
it  minimizes  the  required  collector  area.  Furthermore,  it  is  the  primary  criter- 
ion when  the  recovered  energy  is  utilized  for  industrial  process  heat.  Power 
conversion  cycle  efficiency  will  vary  depending  on  the  conditions  of  the  working 
fluid  input  to  the  power  conversion  subsystem  from  storage.  Ideally,  the 


*The  repowering/industrial  retrofit  program  may  result  in  two  system  applica- 
tions: repowering  of  an  existing  electric  power  generating  plant  and  retro- 

fitting of  an  existing  industrial  process  heat  plant.  Storage  requirements, 
which  may  differ  significantly  for  the  two  applications,  will  be  further 
defined  pending  completion  of  conceptual  design  studies  in  FY80. 

**The  solar  interface  operating  conditions  and  candidate  applications  are 
representative  cases  only.  For  example,  several  water/steam  collector/ 
receivers  at  various  operating  conditions  are  under  consideration  for  the 
repowering/industrial  retrofit  system  application. 


116 


conditions  of  the  working  fluid  coming  from  storage  would  be  identical  to  the 
conditions  of  the  working  fluid  input  directly  from  the  solar  collection  sub- 
system. In  this  case,  no  modifications  in  operation  of  the  power  conversion 
subsystem  are  necessary,  nor  is  there  any  loss  in  the  ability  to  generate  rated 
load. 

APPLICATIONS  PROGRAM  STATUS 

The  basic  TESSTA  program  development  flow,  consists  of  three  phases: 

1.  Storage  concept  development  - concept  feasibility  and  lab  experiments, 

2.  Storage  subsystem  development,  and 

3.  System  applications  including  new  projects  or  retrofits. 

The  status  of  this  development  for  each  of  the  major  program  focused  elements 
is  described  in  Figures  3 to  8. 

The  strategy  of  the  program  is  both  aggressive  and  flexible.  Reflecting  the 
current  direction  of  the  Thermal  Power  Systems  (TPS)  Branch,  CST,  storage  for 
repowering/industrial  retrofit,  total  energy,  and  small  community  system 
applications  is  stressed  in  the  early  years.  Particular  attention  is  being 
directed  toward  identifying  and  implementing  storage  development  required  for 
industrial  process  heat  applications.  A summary  of  major  FY80  activities  in 
each  of  these  application  sectors  is  presented  in  Figure  9 and  described  below. 

REPOWERING/INDUSTRIAL  RETROFIT  SYSTEM  APPLICATIONS 

The  major  area  of  emphasis  in  this  application  sector  is  molten  salt  sensible 
heat  storage.  Early  studies  conducted  under  the  TPS  Advanced  Central  Receiver 
Program  identified  molten  nitrate  salts  as  attractive  storage  media  candidates. 

In  particular,  molten  draw  salt  (60%  NaN03,  40%  KNO3  by  wt.)  was  singled  out 
because  of  its  low  cost,  high  energy  density  and  potential  high  operating  temp- 
erature. A recent  study  under  the  TPS  program  has  examined  low  cost  containment 
techniques  in  order  to  reduce  the  storage  subsystem  cost  even  further.  This 
study  identified  a low  cost  liner  concept  which  may  be  applicable  to  liquid  metal 
as  well  as  molten  salt  storage. 

During  FY80  the  TESSTA  program  will  initiate  storage  subsystem  development 
for  nitrate  salt  sensible  heat  storage.  This  includes  the  design,  construction, 
testing,  and  evaluation  of  a molten  salt  subscale  research  experiment  of  suffi- 
cient scale  to  insure  successful  operation  of  the  full-size  subsystem.  A major 
objective  of  this  development  is  to  advance  state-of-the-art  in  high  temperature 
containment.  Salt  material  studies  are  also  underway  at  SLL  and  contracted  work 
is  planned  to  establish  the  long-term  stability  and  corrosion  behavior  of  molten 
nitrate  salts  at  elevated  temperatures. 

A second  area  of  emphasis  for  this  application  is  second  generation  storage 
development  for  saturated  steam  and  superheated  steam  receivers.  Studies  will  be 
initiated  in  FY80  for  latent  heat  storage  concept  development  for  process  heat 
applications  and  sensible  and/or  latent  heat  storage  concept  development  for 
Barstow  retrofit  and  repowering  applications.  Subsystem  research  experiment 
design,  fabrication,  testing,  and  evaluation  will  follow  in  later  years. 
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TOTAL  ENERGY  SYSTEM  APPLICATIONS 

Activities  in  this  application  sector  provide  support  for  and  advanced  alter- 
natives to  storage  subsystems  under  development  for  midtemperature  solar  thermal 
applications,  such  as  irrigation  and  Shenandoah.  First  generation  storage  sub- 
system support  includes  analyses  and  testing  of  organic  fluid  single  and  dual 
media  storage  systems  at  the  Midtemperature  Solar  Thermal  Test  Facility.  Studies 
to  be  performed  in  FY80  include  control  strategies  for  a multitank  storage  sub- 
system, thermocline  performance  of  single  media  systems  for  buffer  or  diurnal 
operation,  feasibility  of  a moving  piston,  and  design  and  fabrication  of  a dual 
media  system  for  installation  and  testing  during  FY81. 

The  development  of  a second  generation  latent  heat  storage  subsystem  for  a 
Shenandoah  midtemperature  solar  thermal  application  is  also  planned  in  FY80. 
Studies  include  storage  media  screening,  engineering  analyses,  conceptual  design, 
and  cost  estimates.  Subsystem  research  experiment  design,  fabrication,  and  test- 
ing will  follow  in  later  years. 

SMALL  COMMUNITY  SYSTEM  APPLICATIONS 

The  major  emphasis  of  this  application  sector  is  the  development  of  a dish 
mounted  latent  heat  storage  subsystem  for  three  small  community  system  applica- 
tions. Power  conversion  cycles  under  consideration  include  Rankine,  Brayton, 
and  Stirling.  Development  activities  include  storage  requirements  definition, 
conceptual  design,  media  stability  and  compatibility  tests,  thermal  performance 
analyses,  cost  estimates,  and  a SRE.  During  FY80  storage  requirements  definition, 
concept  development  and  SRE  design  studies  will  be  initiated  for  each  of  the  above 
power  conversion  cycles. 
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TABLE  I 


DESCRIPTION  OF  FIRST  AND  SECOND  GENERATION  THERMAL  ENERGY  STORAGE  TECHNOLOGIES 

STORAGE  TECHNOLOGY 

SOLAR  FIRST  SECOND 


application* 

INTERFACE 

GENERATION 

GENERATION 

BARSTOW 

HATER/STEAM 

COLLECTOR/RECEIVER 

OIL/ROCK 

THERMOCLINE 

SALT,  TRICKLE 
OIL 

REPOUERING 

MOLTEN  SALT 
COLLECTOR/RECEIVER 

MOLTEN  SALT 
WITH  EXTERNAL 
INSULATION 

MOLTEN  SALT 
WITH  INTERNAL 
INSULATION 

IEA 

LIQUID  METAL 
COLLECTOR/RECEIVER 

LIQUID  METAL  WITH 
EXTERNAL  INSULATION 

MOLTEN  SALT  OR 
LIQUID  METAL  WITH 
INTERNAL  INSULATION, 
AIR/ROCK 

EPRI/DOE 

HYBRID 

GAS 

COLLECTOR/RECEIVER 

REFRACTORY  BRICK 
WITH  WELDED  STEEL 
TANK 

REFRACTORY  BRICK 
WITH  PCIV 

SHENANDOAH 

ORGANIC  FLUID 
COLLECTOR/RECEIVER 

SILICONE  OIL/TACONITE 
THERMOCLINE 

SALT,  TRICKLE 
OIL 

SMALL 

COMMUNITY 

LIQUID  METAL/ 
SALT  COLLECTOR/ 
RECEIVER 

REFRACTORY  WITH 
WELDED  STEEL  TANK- 
GROUND  BASED 

LATENT  HEAT  SALT- 
DISH  MOUNTED 

‘storage  development  for  these  representative  applications  is  emphasizing  second  generation  technology 
development.  First  generation  technology  development  will  be  initiated  during  FY80  on  additional 
applications,  such  as  industrial  retrofit  process  heat. 


TABLE  II 


^ THERMAL  ENERGY  STORAGE  PERFORMANCE  AND  COST  GOAL  SUMMARY  (FY79  DOLLARS) 

APPLICATION*  SOLAR  ROUND  TRIP  EFFICIENCY  CAPITAL  COST 


INTERFACE 

FIRST 

GENERATION 

(%) 

SECOND 

GENERATION 

(*) 

FIRST 

GENERATION 

(S/KWH) 

SECOND 

GENERATION 

(S/KWH) 

IMPROVEMENT 

(X) 

BARSTOW 

WATER/ STEAM 
COLLECTOR/RECEIVER 

70 

80 

46 

35 

24 

REPOWERING 

MOLTEN  SALT 
COLLECTOR/RECEIVER 

98 

98 

28 

14 

50 

IEA 

LIQUID  METAL 
COLLECTOR/RECEIVER 

98 

98 

100 

43 

57 

EPRI/DOE 

HYBRID 

GAS 

COLLECTOR/RECEIVER 

80 

80 

88 

61 

31 

SHENANDOAH 

ORGANIC  FLUID 
COLLECTOR/RECEIVER 

96 

96 

51** 

25** 

51 

SMALL 

COMMUNITY 

LIQUID  METAL/ 
SALT  COLLECTOR/ 
RECEIVER 

TBD 

TBD 

TBD 

TBD 

TBD 

Applications  shown  are  all  electrical  power  generating  systems  except  for  the  total  energy  Shenandoah 
system.  Performance  and  cost  goals  will  be  established  for  process  heat  applications  pending  completion 
of  conceptual  design  studies  in  FY80. 

“based  on  KWH^;  costs  for  other  applications  are  based  on  KWHg 
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TASK  OUTLINE 
FIGURE  1 


SOLAR  INTERFACE 


CANDIDATE 

APPLICATION 


WATER/STEAM  COOLED 

COLLECTOR/RECEIVER  S~  BARSTOW  RETROFIT 


MOLTEN  SALT  COOLED 
SENSIBLE  HEAT 
COLLECTOR/RECEIVER 


LIQUID  METAL  COOLED 
SENSIBLE  HEAT 
COLLECTOR/RECEIVER 


GAS  COOLED  SENSIBLE 
HEAT  COLLECTOR/RECEIVER 


ORGANIC  FLUID  COOLED 
SENSIBLE  HEAT 
COLLECTOR/RECEIVER 

LIQUID  METAL7SALT 
COOLED  LATENT  HEAT 
COLLECTOR/RECEIVER 


51  (PC  (950*F) 
STEAM 


56(PC(1050T) 
MOLTEN  SALT 

.5931:  (11 WPF) 

LIQUID  METAL. 

816T  (1500T)  — 
— — GAS 

399*C  (75  (TF) 
ORGANIC 
^ FLUID 


B43T  (155(TF) 
LIQUID  METAL/SALT 


THERMAL 


ENERGY 


STORAGE 


427T  (BOOT) 
STEAM 


53B*C  (1000T) 
STEAM 

538T  (1000T) 

STEAM 


704-81 6T 
(1300-1 50 OT) 
GAS 

382*C  (720*F) 
STEAM 

81  ST  (150B*F)  - 

STIRLING  OR 
GASBRAYTON 


REPOWERING/INDUSTRIAL 

RETROFIT 

IEA  RETROFIT 

EPRI/OOE  HYBRID  BRAYTON 

SHENANDOAH  RETROFIT 

SMALL  COMMUNITY 


FOCUSED  ELEMENTS 
FIGURE  2 


120 


STORAGE  FOR  WATER/STEAM  COOLED 
COLLECTOR/RECEIVER 


STORAGE  TECHNOLOGY  STATUS* 


• BARSTOW  SRE  COMPLETE 

• MCDONNELL  DOUGLAS  EXTENDED 

LIFE  STORAGE  FLUID  TESTS 
COMPLETE 

• MARTIN  MARIETTA  STORAGE  FLUID 

MAINTENANCE  TESTS  COMPLETE 


PLANNED  DEVELOPMENT 

• LONG  TERM 

- Develop  Storage  Subsystem  for 
Saturated  Steam  Receiver  for 
Process  Heat 

- Develop  Second  Generation 
Storage  Subsystem  for  Repowering 
or  Barstow  Retrofit 

• FY80 

- Initiate  Storage  Concept  Develop- 
ment for  above  applications 


’This  work  was  funded  under  the  TPS  Program 

FIGURE  3 


STORAGE  FOR  MOLTEN  SALT  COOLED  SENSIBLE 
HEAT  COLLECTOR/RECEIVER 


STORAGE  TECHNOLOGY  STATUS* 


• CONCEPTUAL  DESIGNS  OF  MOLTEN 

DRAW  SALT  STORAGE  COMPLETE 

• LABORATORY  EXPERIMENTS  OF  LOW 

COST  CONTAINMENT  TECHNIQUES 
COMPLETE 

• COMPARISON  OF  THERMOCLINE  VS. 

HOT/COLD  TANK  DESIGNS  COMPLETE 

• PRELIMINARY  STORAGE  AND  CON- 

TAINMENT MATERIAL 
SCREENING  TESTS  COMPLETE 


PLANNED  DEVELOPMENT 


• LONG  TERM 

- Develop  Second  Generation 
Storage  Subsystem  using 

I nternal  I nsulation  for 
Repowering 

• FY80 

-Complete  Internal  Insulation 
Storage  Concept  Development 

- Initiate  SRE 

- Perform  Salt  Chemistry/ 
Corrosion  Studies 


•This  work  was  funded  under  the  TPS  Program. 

FIGURE  4 
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STORAGE  FOR  LIQUID  METAL  COOLED  SENSIBLE 
HEAT  COLLECTOR/RECEIVER 


STORAGE  TECHNOLOGY  STATUS* 


• CONCEPTUAL  DESIGN  OF  LIQUID 

SODIUM  STORAGE  FOR  CENTRAL 
RECEIVERS  COMPLETE 

• NO  ADDITIONAL  DEVELOPMENT  WORK 

REQUIRED  FOR  FIRST  GENERATION 
SYSTEM 


PLANNED  DEVELOPMENT 


• LONG  TERM 

- Develop  Second  Generation 
Storage  Subsystem  for 
Central  Receiver  Repowering 
or  IEA  Retrofit  Applications 

• FY80 

- Complete  Low  Level  Planning 
Activities 

- Complete  Laboratory  Air/Rock 
Thermal  Cycling  Tests 


•This  work  was  funded  under  the  TPS  Program. 

FIGURE  5 


STORAGE  FOR  GAS  COOLED  SENSIBLE 
HEAT  COLLECTOR/RECEIVER 


STORAGE  TECHNOLOGY  STATUS*  PLANNED  DEVELOPMENT 


• CONCEPTUAL  DESIGN  OF  REFRAC- 

TORY BRICK  STORAGE  FOR 
CENTRAL  RECEIVERS  COMPLETE 

• DESIGN  AND  FABRICATION  OF  A 

GROUND  BASED  REFRACTORY 
STORAGE  TEST  MODULE  FOR  A 
POINT  FOCUSING  DISH 
ONGOING 


• LONG  TERM 

- Develop  Second  Generation 
Storage  Systems  using  PCIV 
containment  or  Latent  Heat  Media 
for  EPRI/DOE  Hybrid  Brayton 
Retrofit 

- Develop  Latent  Heat  Storage  for 
Point  Focusing  Dishes 

• FY80 

- Complete  Tests  of  Refractory 
Storage  Test  Module 

- Initiate  Latent  Heat  Storage 
Concept  Development  for  Point 
Focusing  Dishes 


* This  work  was  funded  under  the  TPS  Program. 


FIGURE  6 


STORAGE  FOR  ORGANIC  FLUID  COOLED  SENSIBLE 
HEAT  COLLECTOR/RECEIVER 


STORAGE  TECHNOLOGY  STATUS* 


• CONCEPTUAL  DESIGN  & LABORATORY 

TESTS  OF  TRICKLE  OIL  STORAGE  FOR 
SHENANDOAH  COMPLETE 

•SHENANDOAH  WILL  INCLUDE  FLEX- 
IBILITY FOR  TRICKLE  OR  DUAL  MODE 
MODE  TESTING  - THEREFORE  NO 
TRICKLE  OIL  SRE  IS  CURRENTLY 
PLANNED 

• SINGLE  MEDIA  THERMOCLINE  TANK 

DESIGN  AND  FABRICATION  FOR 
MTTF  TESTS  COMPLETE 

•SINGLE  MEDIA  THERMOCLINE  SYSTEM 
FOR  IRRIGATION  APPLICATIONS 
OPERATIONAL 


PLANNED  DEVELOPMENT 

• LONG  TERM 

- Provide  support  for  First 
Generation  Storage  Subsystems 
for  Midtemperature  Applications 

- Develop  Second  Generation 
Storage  Subsystem  for  Midtemp- 
erature Applications 

• FY80 

- Complete  Single  Media  Thermo- 
cline  Tests 

- Complete  Dual  Media  Thermo- 
ciine  Tank  Design 

- Initiate  Second  Generation 
Storage  Concept  Development 


* This  work  was  funded  under  the  TPS  Program. 

FIGURE  7 

STORAGE  FOR  LIQUID  METAL/SALT  COOLED  LATENT 
HEAT  COLL EC TOR/ RECEIVER 


STORAGE  TECHNOLOGY  STATUS*  PLANNED  DEVELOPMENT 


• HEAT  PIPE/MOLTEN  SALT  TEST 
MODULE  DESIGN  AND  FABRI- 
CATION COMPLETE 


• LONG  TERM 

- Develop  Storage  Subsystems  for 
Small  Community  System 
Applications  using  Rankine, 
Brayton  and  Stirling  Power 
Conversion  Cycles 

• FY80 

- initiate  dish  Mounted  Latent 
Heat  Storage  Requirements 
Definition  and  Concept 
Development 

- Initiate  High  Temperature  Latent 
Heat  Materials  Studies 

- Initiate  SRE  Design 


*This  work  was  funded  under  the  TPS  Program. 

FIGURE  8 
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SUMMARY  - FY80  FOCUSED  DEVELOPMENT 


• REPOWERING/INDUSTRIAL  RETROFIT  SYSTEM  APPLICATIONS 

- Molten  Salt  Sensible  Heat  Storage 

- Second  Generation  Storage  Concept  Development  for  Water/Steam 
Receivers 

•TOTAL  ENERGY  SYSTEM  APPLICATIONS 

- Organic  Fluid  Thermocline  Testing 

- Second  Generation  Storage  Concept  Development  for  Organic  Fluid 
Receivers 

• SMALL  COMMUNITY  SYSTEM  APPLICATIONS 

- Dish  Mounted  Latent  Heat  Storage  Concept  Development  for  Point 
Focusing  Dish  Collectors 


FIGURE  9 


THERMAL  STORAGE  EXPERIENCE  AT  THE  MSSTF  AND  PLANS  FOR  THE  FUTURE* 


Thomas  D.  Harrison  and  Robert  A.  Randall 
Sandia  Laboratories 
Albuquerque,  New  Mexico  87185 


SUMMARY 


The  purpose  of  this  presentation  is  1)  to  review  the  background  of  ther- 
mal storage  development  at  the  Midtemperature  Solar  Systems  Test  Facility 
(MSSTF)  at  Sandia  Laboratories,  2)  to  define  the  problems  which  have  been 
encountered,  3)  to  outline  a course  of  action  for  resolving  these  problems, 

4)  to  determine  scaling  effects  of  going  from  laboratory  models  to  full-size 
applications,  and  5)  to  apply  the  lessons  learned  to  thermal  storage  needs  in 
near-term  solar  projects. 


MULTIPLE  TANK  THERMAL  STORAGE 


The  Multiple  Tank  Thermal  Storage  subsystem  shown  in  Figure  1 was  de- 
signed at  Sandia  to  provide  thermal  storage  for  the  testing  operations  and  to 
evaluate  the  multiple  tank  concept  in  an  operating  environment.  A three-tank 
design  was  chosen  because  the  operating  strategies  and  control  problems  are 
representative  of  those  encountered  in  the  field  with  a larger  system. 

The  basic  design  requirement  for  the  multiple  tank  subsystem  is  to  store 
860kWh  (2.935xl06  Btu)  thermal  energy  between  the  temperature  limits  of  241° 
to  309°C  (467° to  588°F).  The  heat  transfer  and  storage  medium  is  Therminol 
66®.  A volume  of  22.62  m3  (6  000  gallons)  of  Therminol  66®  will  satisfy  this 
requirement.  The  subsystem  was  designed  so  that  any  two  of  the  three 
identical  tanks  could  hold  a volume  of  23.24  m3  (6  140  gallons).  Allowing 
for  10%  ullage,  the  volume  of  each  tank  is  12.78  m3  (3  377  gallons). 

The  subsystem  was  required  to  deliver  thermal  energy  at  a rate  of  283  kW 
(0.966  Btu/h)  and  to  receive  thermal  energy  at  a rate  of  502  kW  (1.713xl06 
Btu/h) . To  facilitate  pumping  of  the  storage  fluid,  a gas  pressure  of  110 
kPa  (16  psi)  is  maintained  inside  the  tanks.  Because  of  this  pressure  the 
tanks  were  designed  to  meet  ASME  pressure  vessel  standards. 


*Sandia  Laboratories  is  a Department  of  Energy  (DOE)  facility.  This  work  was 
supported  by  the  Division  of  Solar  Technology,  USDOE,  under  Contract 
DE-AC04-76  DP00789. 


125 


the  specific  dimensions  and  shape  of  the  tanks  and  the  choice  of  type 
and  thickness  of  tank  insulation  were  determined  with  the  aid  of  a computer 
program  developed  at  Sandia.  This  program  predicted  heat  loss  through  the 
tank  surfaces  for  the  daily  operating  cycle  of  typical  winter  or  summer  days, 
given  tank  shape  and  insulation  types  and  thicknesses.  After  the  tank  shape 
was  established,  the  criterion  for  selection  of  insulation  thickness  and  type 
was  minimum  cost.  The  total  estimated  cost,  using  current  prices,  was  com- 
puted for  various  thicknesses  and  types  of  insulation.  Added  to  this  was  the 
cost  of  extra  collector  area  to  compensate  for  heat  loss.  The  most  econom- 
ical choice  for  material  is  intermediate  service  fiberglass.  The  optimum 
thickness  is  0.4  metre  (15.6  inches).  Since  the  cost  increases  only  slowly 
as  thickness  increases,  the  thickness  finally  chosen  for  the  tank  insulation 
was  0.533  metre  (21  inches). 

Each  tank  contains  instrumentation  for  sensing  both  temperature  and 
liquid  level.  At  the  bottom  of  each  tank,  a 45-cm  (18-inch)  diameter  "well" 
is  provided  so  that  nearly  all  the  liquid  in  each  tank  can  be  drained.  All 
lines  for  filling  and  draining  the  tank  enter  at  the  wells. 

The  significant  problems  encountered  were  1)  the  need  for  a complex 
control  system,  2)  an  energy  loss  of  about  50%  in  excess  of  design  cal- 
culations, and  3)  accumulation  of  low  temperature  fluid  in  the  bottom  of  the 
tank . 


The  control  complexity  arises  from  the  500  or  more  possible  combinations 
of  the  many  parameters  involved  in  the  operation  of  a three-tank  system.  The 
reasons  for  the  high  thermal  losses  are  still  under  review,  but  apparently 
include  1)  loss  of  hot  inert  gas  from  ullage,  2)  improper  installation  and 
subsequent  degradation  of  insulation,  and  3)  convection,  or  thermal  siphon- 
ing, of  heat  transfer  fluid  along  horizontal  pipes  leading  to  closed  valves. 
After  a period  of  storage,  these  losses  result  in  the  accumulation  in  the 
bottom  of  the  tank  of  up  to  1.9  m3  (500  gallons)  of  fluid  which  has  cooled 
below  the  usable  temperature.  This  cool  fluid  is  the  first  to  be  delivered 
from  the  tank  and  special  operating  strategies  are  required  to  deal  with  it. 


THERMOCLINE  THERMAL  STORAGE 


The  first  thermal  storage  subsystem  installed  in  the  MSSTF  was  the  ther- 
mocline  subsystem  shown  in  Figure  2.  This  system  was  used  to  evaluate  the 
storage  of  thermal  energy  in  water  at  temperatures  up  to  232°C  (450°F) , or  in 
Therminol  66®  at  temperatures  up  to  320°C  (608°F).  The  volume  of  the  tank 
between  the  diffusers  is  5 m3  (1  563  gallons) . The  theoretical  energy 
storage  capacity  is  292  kWh  (106  kJ)  for  Therminol  66®  between  the  tempera- 
tures  243°  to  311°C  (470°  to  592°F) . The  subsystem  is  composed  of  five 
elements : 
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1.  A low-car bon -steel  pressure  vessel,  fabricated  to  ASME  Pressure 
Vessel  Codes,  with  2.5-cm  (1-inch)  thick  walls, 

2.  Vacuum  foil  insulation  around  the  vertical  walls  of  the  tank, 

3.  Diffusers  at  the  top  and  bottom  of  the  tank  to  minimize  flow  distur- 
bances when  fluid  is  pumped  in  or  drawn  out  of  the  tank, 

4.  Two  "T"  valves  to  allow  injection  of  fluid  at  310°C  (590°F)  into  the 
top  of  the  tank  while  simultaneously  withdrawing  fluid  at  243°C 
(470°F)  from  the  bottom  of  the  tank,  and  vice  versa,  and 

5.  A temperature  probe  to  measure  the  vertical  temperature  profile  of 
the  fluid  within  the  tank. 


The  major  disadvantages  in  this  thermocline  storage  subsystem  are 

1)  the  thermocline  region  initially  occupies  20%  of  fluid  volume,  2)  the 
thermocline  enlarges  with  time,  3)  energy  in  the  thermocline  region  is 
usually  not  usable  because  of  low  quality,  4)  thermal  energy  losses  are  in 
excess  of  design  calculations.  The  advantages  are  1)  control  is  simplified, 

2)  withdrawing  hot  fluid  from  the  top  of  the  vessel  gives  high  assurance  that 
it  will  be  at  the  proper  temperature,  3)  the  subsytem  is  adaptable  to  multi- 
medium storage,  and  4)  the  subsystem  is  20%  less  expensive  than  a multiple 
tank  system  of  the  same  thermal  storage  capacity.  Because  of  these 
advantages,  Sandia  is  concentrating  future  evaluation  effort  on  the 
thermocline  concept. 

Other  thermocline  subsystems  are  being  evaluated  by  Sandia.  The  sub- 
systems installed  at  the  Willard,  NM,  and  Coolidge,  AZ,  Irrigation  Projects 
are  part  of  large  solar  systems  and  are  not  instrumented  for  thorough  evalu- 
ation of  the  thermal  storage  subsystem.  Nevertheless,  some  useful  informa- 
tion is  being  obtained. 


FUTURE  ACTIVITIES 


The  problems  defined  in  the  two  existing  thermal  storage  subsystems  at 
the  MSSTF  cannot  be  solved  using  these  facilities,  either  because  instrumen- 
tation is  lacking  or  because  of  the  difficulty  of  modifying  existing  hard- 
ware. The  thermal  storage  subsystems  at  Willard  and  Coolidge  are  instrumented 
for  analysis  of  gross  operational  effects  and  not  for  the  study  of  macroscopic 
events  which  occur  in  a thermocline  storage  facility.  For  these  reasons  a 
new  thermocline  tank  was  designed. 

A new  thermocline  tank  is  presently  being  installed  in  place  of  the  old 
one  at  the  MSSTF  (see  Figure  3) . The  objective  is  to  produce  useful  design 
information  for  the  installation  and  efficient  operation  of  thermocline  stor- 
age subsystems  for  use  with  line-focusing  solar  collectors  used  in  total 
energy  and  industrial  process  heat  applications.  It  will  be  operated  as  a 
single-media,  direct  storage  thermocline  tank.  The  capacity  will  be  4.5  m3 
(1  179  gallons).  The  tank  is  made  of  4.76-mm  (3/16-inch)  low  carbon  steel 
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with  stainless  steel  legs  to  minimize  conduction.  Multiple  ports  at  the  top 
and  bottom  give  access  for  plumbing  and  instrumentation.  The  entire  top  can 
be  removed  if  required  for  internal  modifications  or  changes  in  instrumen- 
tation. A 45-cm  (18-inch)  diameter  hatch  provides  personnel  access.  The 
installation  of  stainless  steel  legs  and  of  the  thinnest  walls  possible  is  a 
result  of  past  experience. 

Various  diffuser  designs  can  be  installed  for  evaluation.  The  tank  is 
instrumented  with  350  temperature  sensors.  Two  vertical  thermocouple  probes 
will  be  installed  inside  the  tank  to  measure  the  temperature  at  5-cm  (2-inch) 
intervals.  Also,  thermocouples  will  be  attached  to  both  the  inside  and  out- 
side walls  of  the  tank,  and  there  will  be  thermocouples  between  each  layer  of 
insulation.  A displacement-type  gage  will  measure  fluid  level.  Four  turbine 
flowmeters  will  measure  rate  of  flow  of  hot  and  cold  fluid  into  and  out  of 
the  tank.  The  data  from  the  sensors  are  acquired  and  stored  by  a minicom- 
puter. Plumbing  connections  allow  hot  fluid  to  be  received  from  either  the 
solar  collectors  or  from  the  Multiple  Tank  Thermal  storage  subsystem.  The 
tank  legs  will  rest  on  a 5-cm  (2-inch)  pad  of  load-bearing  insulation.  The 
tank  will  be  insulated  with  38  cm  (15  inches)  of  fiberglass. 

Subscale  models  of  diffuser  designs  will  be  tested  in  the  laboratory  and 
then  fabricated  full  scale  for  testing  in  the  system.  The  first  design  has 
been  completed  and  the  diffuser  fabricated. 

Subscale  tests  are  also  being  conducted  to  investigate  the  stability  of 
therrooclines.  Full-scale  testing  of  the  new  tank  will  begin  early  in  1980. 
Testing  will  include  1)  heat  loss  measurements  under  steady-state  flow  condi- 
tions at  temperatures  of  200°,  260°,  and  315°C  (400°,  500°,  600°F);  2)  static 
heat  loss  tests  with  initial  temperature  at  these  same  levels;  and  3)  tests 
of  thermocline  stability  and  duration  under  static  conditions,  at  various 
charge  and  discharge  rates,  and  at  various  temperatures.  All  these  tests 
will  be  done  both  with  the  tank  completely  filled  using  an  auxiliary  tank  to 
accomodate  expansion,  and  then  with  ullage  space  in  the  tank. 

The  difference  in  performance  between  laboratory  scale  models  and  re- 
sulting components  of  the  new  thermocline  tank  will  provide  a measure  of 
scaling  effects. 

One  output  of  the  evaluation  will  be  a design  handbook  for  the  instal- 
lation and  efficient  operation  of  storage  concepts  for  industrial  process 
heat  and  other  solar  applications. 
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THERMAL  ENERGY  STORAGE  EFFORT  AT  JPL 


Donald  L.  Young 
Jet  Propulsion  Laboratory 

OUTLINE  OF  THE  PRESENTATION 


• JPL  INTEREST  IN  THERMAL  ENERGY  STORAGE 

• IMMEDIATE  APPLICATIONS 

• METHODOLOGY  FOR  JPL  EFFORT 

• TASKS  FOR  JPL  SUPPORT  TO  SLL 

• JPL  IN-HOUSEWORK 

• PLANNED  PROCUREMENTS 

• SCHEDULE 


JPL  PARABOLIC  DISH  PROGRAM 

OBJECTIVES 


• TO  ESTABLISH  TECHNICAL,  OPERATIONAL  & ECONOMIC  READINESS 
OF  PARABOLIC  DISH  SYSTEMS  FOR  ELECTRIC  AND  THERMAL 
APPLICATIONS 


• TO  DEVELOP  PARABOLIC  DISH  SYSTEMS  TO  THE  POINT  AT  WHICH 
SUBSEQUENT  COMMERCIALIZATION  ACTIVITIES  CAN  LEAD  TO 
SUCCESSFUL  MARKET  PENETRATION 
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JPL  INTEREST  IN  THERMAL  ENERGY  STORAGE 


• PROVIDE  TECHNICAL  SUPPORT  TO  THE  THERMAL  ENERGY  STORAGE  FOR  SOLAR 
THERMAL  APPLICATIONS  (TESSTA)  PROGRAM 


• IDENTIFY  CONCEPTS,  ASSESS  THEIR  FEASIBILITY,  AND  DEVELOP  ENGINEERING 
DESIGNS  OF  PARABOLIC  DISH  LATENT  THERMAL  ENERGY  STORAGE  ELEMENTS 


• PLAN  AND  CONDUCT  SUBSYSTEM  RESEARCH  EXPERIMENTS  AT  PARABOLIC 
DISH  TEST  SITE  (PDTS,  EDWARD)  TO  DEMONSTRATE  THE  READINESS  OF  THE 
LATENT  HEAT  ENERGY  STORAGE 


• IDENTIFY  CONCEPTS  AND  ASSESS  THEIR  FEASIBILITY  FOR  ADVANCED,  HIGH 
TEMPERATURE  (1500-2800°F)  THERMAL  STORAGE 


CURRENT  APPLICATIONS 


• SMALL  COMMUNITY  SOLAR 
THERMAL  POWER  EXPERIMENT 
(EE-1) 

• ISOLATED  LOAD  EXPERIMENTS 
SERIES  (EE-2  ETC) 

• THERMAL  APPLICATIONS 
EXPERIMENTS  SERIES  (EE-3) 

• ADVANCED  DISH  STIRLING 

' 

ENERGY  STORAGE  REQUIRED  TO  BUFFER 
THE  ENERGY  CONVERSION  SYSTEM  FROM 
HARMFUL  TRANSIENTS  & PROVIDE 
BETTER  SYSTEM  CONTROL 
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CURRENT  APPLICATIONS 


SYSTEM  ECS/SIZE  STORAGE  TEMP  RANGE  APPLICATION/TIME  PERIOD 


EE-1 

RANKINE/15  KWe 

800— 1300°F 

GRID  CONNECTED,  SMALL 
COMMUNITY/1981 

EE-2 

BRAYTON/15  KWe 

1200— 1700°F 

ISOLATED/1981 

EE-3 

THERMAL  LOADS 

TBD 

ISOLATED/1982 

STIRLING 

STIRLING/20  KWe 

1500— 1600°F 

ENGINEERING 
EXPERIMENTS  1981 

SYSTEM  TESTS  1984 


BRIEF  DESCRIPTION  OF  PLANT 

• 1 MW  PLANT  USING  NEAR  TERM  TECHNOLOGY 

• APPROXIMATELY  10  ACRE  SITE  WITH  65  PARABOLIC  CONCENTRATORS,  EACH  11  METERS  IN 
DIAMETER  AND  EACH  HAVING  ITS  OWN: 


• RECEIVER 

• ENGINE 

• GENERATOR 


THE  ELECTRICAL  OUTPUT  OF  THE  INDIVIDUAL  GENERATORS  IS  COMBINED  AND  CONNECTED 
TO  A SMALL  COMMUNITY  DISTRIBUTION  SYSTEM 
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STEAM-RANK! NE  SOLAR  RECEIVER 


PLATE  FIN  BRAYTON  SOLAR 
RECEIVER 


S-42342 


FUTURE  APPLICATIONS 


• ADVANCED  BRAYTON  ENGINE 
(2300-2700°F) 


• FUELS  AND  CHEMICAL  APPLICATIONS 
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PRESSURIZED  MATRIX 

HIGH  TEMPERATURE  SOLAR  THERMAL  RECEIVER 


ADVANCED  GAS  TURBINE  POWERTRAIN 


MS  5241-1 


137 


METHODOLOGY  FOR  THE  JPL  EFFORT 


TASKS  FOR  JPL  SUPPORT  TO  SLL 
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JPL  IN-HOUSE  EFFORT 


PURPOSE:  TO  DEVELOP  THE  NECESSARY  BACKGROUND,  DATA  BASE,  AND 
CAPAB ILITY  TO  WRITE  AND  MANAGE  INDUSTRIAL  CONTRACTS 
FOR  THE  DEVELOPMENT  OF  THERMAL  ENERGY  STORAGE  FOR 
DISH-APPLICATIONS. 


t 

PLANNED  EFFORT  IN: 

• APPLICATION  REQUIREMENTS 

• CONCEPTS  SELECTION  OF  ~50  KWHTTES  USING  PCM  FOR 
800-2400°F  TEMPERATURE  RANGE 

• NOVEL  IDEAS  OF  HEAT  TRANSFER  AT  HIGH  TEMPERATURES 

• STORAGE  MEDIA  SCREENING  & SELECTION 

• CONTAINMENT  MATERIALS,  CORROSION,  AND  STABILITY 
OF  PCM 

• DEVELOPMENT  OF  COMPUTER  CODES  FOR  THE  TRANS  I ENT 
ANALYSES  OF  LATENT  HEAT  STORAGE  SYSTEMS 

• DEFINE  AND  PLAN  SUBSYSTEM  RESEARCH  EXPERIMENTS 


A LIST  OF  PRELIMINARY  THERMAL  ENERGY 
STORAGE  COMPONENTS 


1.  PHASE  CHANGE  MATERIALS 

• NaF  (~1810°F) 

• NaF  + MgF2  (~1526°F) 

• NaF  + KF  + MgF2  (~1265°F) 

• I^CQj  + Li2C03  + LiOH  ( — 800°F) 

2.  HEAT  EXCHANGER  CONCEPTS 

• FLEXING  SURFACES 

• HEAT  PIPES 

• FLUIDIZED  BEDS 

• TUBE  & SHELL  WITH  SCRAPING 

3.  CONTAINMENT 

• RECEIVER  INTEGRATED  . 

• ENGINE  INTEGRATED 

• SEPARATE  TANK 
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PLANNED  PROCUREMENTS 


1.  DEFINITION  OF  REQUIREMENTS  FOR  DISH  MOUNTED  LATENT  HEAT  BUFFER 
ENERGY  STORAGE  FOR  THE  FOLLOWING  ENERGY  CONVERSION  SYSTEMS: 

- RANKINE 

- BRAYTON 

- STIRLING 

2.  NOVEL  CONCEPTS  OF  LATENT  HEAT  STORAGE  OF  SMALL  SIZES 

3.  MEASUREMENT  OF  THERMAL  PROPERTIES  OF  SELECTED  PHASE  CHANGE 
MATERIALS 

4.  DEGRADATION  AND  DECOMPOSITION  OF  THE  SELECTED  PHASE  CHANGE 
MATERIALS  FOR  CYCLIC  THERMAL  LOADING 

5.  SOLIDIFICATION  CONTROL  OF  THE  SELECTED  PHASE  CHANGE  MATERIALS 

6.  CORROS  ION  CONTROL  OF  THE  SELECTED  HIGH  TEMPERATURE  PHASE 
CHANGE  MATERIALS 

7.  SUBSYSTEM  RESEARCH  EXPERIMENT  DESIGNS 


SCHEDULE 


MONTH  from 

_GO  AHEAD 


ELEMENT 


CONTRACT  PREPARATION 

ISSUE  REPS 

1)  REQUIREMENTS 

2)  MATERIAL  TESTING 

3)  SALT  CHARACTERISTICS 

4)  SRE  DEF 

5)  LOW  COST  LHBS 

IN-HOUSE  STUDIES  FOR 
EE1 
EE2A 

DISH-STIRLING 
PRELIMINARY  DESIGNS 

SUBSYSTEM  RESEARCH  EXPERIMENT 
PREPARATION 

SMALL  SCALE  TESTING 
MONTHLY  REPORTS 
QUARTERLY  BRIEFINGS 
ANNUAL  REPORT 


PREPARATION- 


■+-TESTING 


10 


13  MOS 
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INTERNALLY  INSULATED  THERMAL 
STORAGE  SYSTEM  DEVELOPMENT  PROGRAM* 

Owen  L.  Scott 

Martin  Marietta  Corporation 


INTRODUCTION 

The  purpose  of  the  program  is  to  define  a cost  effective  thermal  storage 
system  for  a solar  central  receiver  power  system  using  molten  salt  stored  in 
internally  insulated  carbon  steel  tanks.  The  program  is  divided  into  four 
tasks:  testing  of  internal  insulation  materials  in  molten  salt;  preliminary 

design  of  storage  tanks,  including  insulation  and  liner  installation;  optimiza- 
tion of  the  storage  configuration;  and  definition  of  a subsystem  research  ex- 
periment to  demonstrate  the  system. 

The  purpose  of  the  materials  tests  was  to  determine  which  materials  could 
be  used  in  contact  with  the  molten  salt  as  an  insulating  material.  The  materi- 
al long-life  compatibility  with  the  molten  salt  had  to  be  determined,  and  the 
thermal  properties  of  the  salt-saturated  material  needed  to  be  known.  The 
approach  of  the  materials  tests  was  to  place  fifteen  or  more  representative 
samples  into  test  for  500  hours  and  select  the  five  best  candidate  materials. 
These  selected  materials  would  then  be  tested  for  5000  hours  and  evaluated  at 
several  points  throughout  the  test.  The  effect  of  thermal  cycling  on  the  salt- 
saturated  material  also  needed  to  be  evaluated. 

The  analytical  evaluation  leads  up  to  a cost  optimization  for  various 
storage  systems.  The  design  and  costing  of  tank  insulation  and  foundation  was 
necessary.  The  three  types  of  thermal  storage  systems  evaluated  were  thermo- 
cline,  dual  tank,  and  cascade  (see  Figures  1 to  3) . A thermocline  tank  system 
stores  both  the  hot  and  cold  fluid  in  the  same  tank  and  depends  on  the  fluid 
density  difference  to  prevent  fluid  mixing.  An  analytical  computer  model  was 
developed  to  analyze  the  thermocline  tank.  The  dual  tank  system  stores  the  hot 
fluid  and  cold  fluid  in  separate  tanks.  As  the  hot  fluid  is  used  and  cooled, 
it  is  stored  in  the  cold  tanks,  so  half  of  the  tankage  is  always  empty.  The 
cascade  system  allows  a tank  to  be  used  either  as  a cold  tank  or  a hot  tank. 

It  is  possible  with  this  system  to  reduce  the  number  of  empty  tanks  as  compared 
to  the  dual  tank  system. 

The  safety  study  is  a separate  'document  which  addresses  the  safety 
considerations  of  using  molten  draw  salt  along  with  utility  company 
evaluation. 

The  design  of  a small  scale  test  program  for  demonstrating  molten  salt 
thermal  storage  is  presented  along  with  estimated  program  cost.  The  system  is 
of  sufficient  size  that  representative  insulation  thicknesses  can  be  used.  The 


*Sandia  Laboratories,  Livermore  Contract  83-3638  to  Martin  Marietta  Corporation, 
T.  R.  Tracey,  Program  Manager. 
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object  of  the  test  is  to  satisfactorily  answer. questions  about  a molten  salt 
storage  and  system  operation  such  that  confidence  to  build  a full-scale  system 
is  achieved. 


SUMMARY 

The  material  compatibility  tests  showed  that  none  of  the  materials  tested 
would  be  acceptable  as  internal  tank  insulation  when  in  contact  with  the  molten 
salt.  Since  a wide  range  of  materials  were  tested,  it  is  unlikely  that  any  in- 
sulation material  will  be  compatible  with  molten  salt.  Since  the  use  of  inter- 
nal insulation  is  extremely  advantageous  in  reducing  tank  shell  cost,  a metal 
liner  is  recommended  to  protect  the  internal  insulation  from  the  molten  salt. 

Jt  is  also  cost  effective  to  use  a metal  liner  because  the  low  thermal  conduc- 
tivity of  dry  insulation  is  much  less  than  the  conductivity  of  insulation  wet 
with  salt.  A commercial  stainless  steel  liner  that  is  orthogonally  folded  to 
allow  for  expansion  can  be  used  for  this  application.  Only  minor  liner  devel- 
opment is  considered  necessary.  These  liners  have  seen  many  years  of  commer- 
cial service  witli  exceptional  reliability. 

The  most  economical  tanks  are  large,  cylindrical,  carbon  steel  ones  with 
externally  supported  umbrella  roofs.  Tank  wall  thickness  in  this  study  was 
limited  to  0.041  m (1.63  in.)  to  eliminate  the  need  for  post-weld  heat  treat- 
ment. Tanks  storing  hot  salt  (839  K (1050°F))  are  internally  and  externally 
insulated  to  maintain  a shell  temperature  of  588  K (600°F) . The  internal  insu- 
lation separated  from  the  salt  by  a metal  liner  is  a lightweight  refractory 
brick  for  the  floor  and  walls  and  a fiberous  insulation  for  the  ceiling.  The 
external  insulation  is  a fiberous  insulation  for  the  walls  and  a load-bearing 
mineral  block  for  the  roof;  both  are  covered  with  lagging  for  weather  protec- 
tion. The  internal  and  external  insulation  is  balanced  to  maintain  the  tank 
shell  at  a uniform  temperature  of  589  K (600°F) . The  cold  tank  (561  K (550°F)) 
requires  external  insulation  only. 

The  tank  foundation  design  is  a water-cooled  concrete  slab  that  prevents 
the  soil  from  reaching  the  boiling  point  of  water,  and  also  eliminates  the 
necessity  for  a stainless  steel  tank  bottom.  Placing  the  tank  directly  on  the 
ground  (whether  insulated  or  not)  is  not  recommended,  as  very  little  is  known 
of  soil  properties  at  elevated  temperatures  and  boiling  water  trapped  in  the 
soil  can  produce  unpredictable  results. 

A thermal  analytical  model  and  analysis  of  a thermocline  tank  was  performed. 
Data  from  a present  thermocline  test  tank  was  compared  to  gain  confidence  in 
the  analytical  approach.  The  thickness  of  the  temperature-degraded  fluid  be- 
tween the  hot  and  cold  temperatures  (the  thermocline)  was  determined  for  salt 
tanks.  Small  tanks,  large  heat  losses,  and  large  heat  capacity  of  the  wall  in- 
sulation will  all  increase  the  thickness  of  the  thermocline.  Limiting  the 
thermocline  thickness  is  best  achieved  by  outflowing  some  of  the  thermocline 
fluid  at  both  the  low  and  high  temperature  ends. 

A computer  analysis  of  the  various  storage  system  parameters  (insulation 
thickness,  number  of  tanks,  tank  geometry,  etc.)  showed  that  1)  the  most  cost- 
effective  configuration  was  a small  number  of  large  cylindrical  tanks,  and 
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2)  the  optimum  is  set  by  the  mechanical  constraints  of  the  system,  such  as  soil 
bearing  strength  and  tank  hoop  stress,  not  by  the  economics.  Figure  4 shows  a 
cost  comparison  of  the  three  different  storage  concepts  studied.  Capital  cost 
refers  to  the  cost  of  the  system  components,  effective  cost  is  capital  cost 
plus  the  cost  of  the  extra  heliostats,  etc.  , necessary  to  compensate  for  the 
system's  energy  losses. 

The  cost  of  the  tankage  system  with  internal  insulation  is  less  than  one 
half  the  cost  of  comparable  salt  storage  system  without  internal  insulation. 
Using  a cascade  system  instead  of  a dual  tank  system  introduces  the  technical 
problem  of  thermal  cycling  of  the  internal  insulation,  but  reduces  the  cost 
very  little.  It  is  important  to  note  that  this  cost-of-storage  comparison  is 
limited  to  storage  system/central  receiver  combinations  that  have  been  proposed. 


The  design  suggested  for  the  tank  development  program  is  a dual  tank  sys- 
tem with  tank  sizes  of  4.6  m (15  ft)  by  4.6  m (15  ft)  high.  The  system  includes 
an  air  cooler  and  a fossil  fuel  heater  necessary  to  vary  the  salt  temperature. 
Included  in  the  tank  development  program  is  liner  verification. 
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Figure  l.  Thermocline  Storage  System  Schematic 


Figure  2 Dual  Tank  Storage  System  Schematic 


Figure  3 Cascade  Storage  System  Schematic 
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EFFECTIVE  SYSTEM  COST,  i MILLION 


70 


1821  MWHt  8211  MWHt  15,600  MWHt 

(2.5  h)  (11.2  h)  (20.9  h) 


STORAGE  CAPACITY 

Figure  4 Effective  Storage  System  Cost  Vs  Storage  Size  (300  MWe  Plant) 
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CONTRACT  FOR: 

CONTRACT  NO.: 

PERIOD  OF  PERFORMANCE: 
FUNDING  LEVEL: 

LEVEL  OF  COMPLETION: 


SAND I A LABORATORIES 
LIVERMORE,  CALIFORNIA 

83-3638 

MARCH  1979  - DECEMBER  1979 

$216,500 

95Z 


PURPOSE  OF  CONTRACT 


DETERMINE  COST  OPTIMUM  OF  STORAGE  SYSTEM  USING  MOLTEN  SALT  FOR  SOLAR 
SYSTEMS 

o TYPE,  NUMBER,  SIZE  OF  TANK 
o INSULATIONS 
o FOUNDATION 
o MATERIAL 

DETERMINE  COMPATIBILITY  OF  INSULATION  MATERIAL  WITH  MOLTEN  SALT 
ANALYZE  THERMOCLINE  TANKS  BY  DEVELOPING  A COMPUTER  MODEL 
EVALUATE  SAFETY  ASPECT  OF  SALT 
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TESTED  MATERIALS 


MANUFACTURER 

AND 

MATERIAL 

DENSITY 

COMPOSITION  PRODUCTS  IN  PERCENT 

A£2®3 

S102 

Fe203 

R 

CaO 

MgO 

ALKALIES 
Nd20  »B203 

k2o 

OTHERS 

IGNITION 

LOSS 

lb/ft3 

gm/cm3 

Brick 

Maximul 

KR 

142-146 

2.27-2.34 

42.76 

53.15 

1.07 

1.11 

0.47 

0.87 

Lo  Erode 

KR 

135-143 

2.16-2.29 

57.94 

32.06 

0.91 

m 

6.67 

0.22 

0.59 

Hi  Strength 

KR 

126-133 

2.02-2.13 

43.64 

38.31 

3.68 

HI 

11.11 

0.41 

1.39 

Krilite  30 

KR 

30 

.48 

55.5 

38.2 

1.6 

1.4 

2.2 

0.2 

1.2 

Krilite  60 

KR 

60 

.96 

55.5 

38.2 

1.6 

1.4 

2.2 

0.2 

1.2 

K-30 

B&W 

51 

.82 

46.0 

52.0 

0.9 

1.4 

0.5 

0.1 

0.4 

Firebrick  80-D 

B&W 

151 

2.42 

45.0 

52.0 

1.4 

1.7 

0.1 

+ 

0.3 

Visil 

HW 

116-120 

1.86-1.92 

0.5 

98.9 

0.3 

0.02 

0.02 

0.1 

0.2 

Krimax  CS-124 

KR 

150-154 

2.40-2.47 

46.2 

49.7 

1.6 

1 .9 

0.06 

0.17 

0.23 

Semaci d 

SE 

137 

2.2 

36.30s 

57.88 

2.74 

0.82 

0.54 

1.38 

.38 

Castable 

IRC  24LI 

KR 

E5J 

.90-. 93 

40.55 

36.15 

1.65 

1.30 

16.39 

0.37 

1.93 

1.63 

Coreline 

KR 

SOI 

2.82 

87.1 

6.2 

0.4 

0.2 

0.1 

0.2 

6.2“ 

Firelite  2100 

KM 

65 

1.04 

38.4 

31.2 

4.8 

1.5. 

22.4 

0.5 

0.2 

0.8 

Firecrete  2800 

JM 

123 

1.97 

50.3 

39.3 

4.0 

2.0 

4.0 

0.4 

KAO  TAB  95 

B&W 

166 

I2’66 

95.0 

0.1 

0.1 

+2 

4.6 

+ 

0.1 

TESTED  MATERIALS  (concluded) 


MANUFACTURER 

AND 

MATERIAL 

COMPOSITION 

PRODUCTS  IN 

PERCENT 

DENSITY 

ALKALIES 
N32Q ; B20  3 

k2o 

IGNITION 

LOSS 

lb/ft3 

gm/cm3 

CaO 

OTHERS 

Foamqlass 

Foamsil-12 

PC 

25 

.40 

4.0 

88.0 

8.91 

0.1 

Fibreous  Board 

Duraboard 

CC 

28-30 

.45-.  48 

43.5 

45.6 

0.9 

1.4 

0.3 

Other 

T-Bond  KT 

KR 

194.5 

3.12 

0.2 

0.6 

0.2 

1.9 

97.1 

Manufacturer 

KR  - Kaiser  Refractories 

B&W  - Babcock  & Wilcox 

HW  - Harbison-Walker  Refractories 

SE  - Stebbins  Engineering 

JM  - Johns-Manville 

PC  - Pittsburgh  Corning 

CC  - Carborundum  Co. 


1 B203  7.0 

K20  1 .0 

Sb203  0.2 

N a207  0.4-0. 7 

2 + x Trace 

3 Includes  a small  amount  of  Ti02 

^ Na20  0.2 

K20  0.1 

P205  5.9 
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TEST  CONDITIONS 


PRESCREENING 

TIME  i-  500  HOURS 

TEMPERATURE  - 593  C (1100°F) 


LONGEVITY 

TIME  - 500/  1000/  3000/  5000  HOURS 

TEMPERATURE  - 566  C (1050°F) 


SUMMARY  MATERIAL  COMPATIBILITY  RESULTS 

SEM  SHOWS  ALTERATION  OF  STRUCTURE  AND  NEW  COMPOUNDS  BEING  FORMED, 

K/R  PETROGRAPHIC  ANALYSIS  AND  X-RAY  DEFRACTION  SHOWS  MATERIAL  BEING 
ATTACKED  AT  VARIOUS  RATES  BUT  ALL  BEING  ATTACKED. 

SALT  EVALUATION  SHOWS  ALUMINUM  AND  SILICON  BEING  LEACHED  FROM  ALL 
PRODUCTS. 

K/R  ACKNOWLEDGES  NEW  COMPOUND  WILL  FREEZE  ABOVE  288  C (550°F). 

CONCLUSION:  IT  IS  UNLIKELY  THAT  PRODUCT  WILL  SURVIVE  A MOLTEN 
SALT  ENVIRONMENT  FOR  30  YEARS. 
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THERMOCLINE  THICKNESS  vs  RATIO  AND  BITE 


RATIO  Heat  Loss  From  Bulk 
Total  Heat  Loss 


THERMOCLINE  SUMMARY 


A THERMAL  ANALYTICAL  MODEL  WAS  DEVELOPED  WHICH  SIMULATES  A THERMOCLINE 
TANK 


COMPARISON  MADE  WITH  A FRENCH  OIL  TANK  TEST  SHOWED  GOOD  AGREEMENT 

THE  THERMOCLINE  THICKNESS  IS  SENSITIVE  TO: 

- THERMOCLINE  TEMPERATURE  BITE 

- TANK  SIZE 

- HEAT  CAPACITY  OF  WALL 

THE  EFFECT  OF  BULK  FLUID  CIRCULATION  ON  THERMOCLINE  THICKNESS  IS  MUCH 
LESS  THAN  THE  EFFECTS  OF  BITE  AND  WALL  HEAT  CAPACITY 


THERMOCLINE  THICKNESS  FOR  THE  OPTIMUM  SYSTEM  STUDY  WAS  2.62  M (8.6  ft) 
BASED  ON  A 16.6  K (30*F)  TEMPERATURE  BITE 
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TANK  BEARING  ON  HOT  SOIL 


• EXTENSIVE  TELEPHONE  SURVEY  OF  COMPANIES,  FEDERAL  BUREAUS  AND  COLLEGE 
PROFESSORS  SHOW  THIS  IS  A NEW  TECHNICAL  AREA 

• SOIL  PROPERTIES  REQUIRED  AT  TEMPERATURE 

BEARING  CREEP 

THERMAL  EXPANSION  COHESION 

DEFORMATION  SHEAR 

• GROUND  WATER 

SOURCE  - DIRECT  SOIL  PERCULATION 

- UPSTREAM  STORMS  THROUGH  PERVIOUS  SOIL  LAYER 

RESULT  - LIFTING  OF  SOIL  OVERBURDEN  AND  TANK  WHEN  STEAM  IN  SOIL 
PORES  EXCEED  LITHOSTATIC  SOIL  LOAD 


• PRESENT  PRACTICES 

PHTHALIC  ANHYDRIDE  TANKS,  A22  K (300°F)  ON  GROUND  - INSULATING  CONCRETE 
ASPHALT  TANKS,  561  K (550*F)  - COOLED  FROM  GROUND 
FURNACES  - PLACED  ABOVE  GROUND 


MOLTEN  SALT  STORAGE  TANK  - CYLINDRICAL 

DESIGN:  ATMOSPHERIC 

SHELL  DESIGN  TEMPERATURE:  600°F 

MATERIAL:  SA-516,  GR . 70 

CORROSION  ALLOWANCE:  .003m  (.125  in. I 

CODE:  API-650  CONSTRUCTION,  NO  STAMP. 

MAX.  SPECIFIC  GRAVITY  (COLD)  1.907 
EARTHQUAKE : ZONE  3 
SPOT  X-RAY 

STRESS  RELIEVING:  NOT  REQUIRED 


UMBRELLA  ROOF  WITH 

ROOF  MANWAY  | EXTERNAL  SUPPORTS 


ELEVATION 
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CYLINDRICAL  TANK  COST  vs  SIZE 


Tank  Volume,  ft3  x 10'3 


THERMOCLINE  STORAGE  SYSTEM 
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DUAL  TANK  STORAGE  SYSTEM 


CASCADE  STORAGE  SYSTEM 
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SPAM  - Storage  Parametric  Analysis  Model 


GOALS  OF  PROGRAM 

• FIND  THE  CAPITAL  AND  EFFECTIVE*  COSTS  OF  MOLTEN  SALT  STORAGE 
SYSTEMS  DEFINED  BY  THE  USER 

• FIND  THE  SENSITIVITIES  OF  THESE  COSTS  TO  VARIOUS  SYSTEM  PARAMETERS 

• DETERMINE  THE  OPTIMUM  STORAGE  SYSTEM  CONFIGURATION 


APPROACH 

CALCULATE  THE  SUBSYSTEM  AND  SYSTEM  COSTS  FOR  EACH  USER-DEFINED 
CONFIGURATION,  VARYING  SUCH  THINGS  AS  INSULATION  THICKNESS,  H/D 
RATIO,  AND  NUMBER  OF  TANKS, 

PRINT  OUT  ALL  COMBINATIONS,  ALLOWING  USER  TO  SEE  SENSITIVITY  TO  A 
GIVEN  PARAMETER,  AND  TO  CHOOSE  THE  OPTIMUM  CONFIGURATION, 


Effective  cost  takes  into  account  the  cost  of 

EXTRA  HELIOSTATS,  ETC.,  NEEDED  TO  COMPENSATE 
FOR  THE  STORAGE  SYSTEM  HEAT  LOSS, 


HOT  TANK  OPTIMIZATION  (8200  MWHt  STORAGE) 


1 Number  of 
Spherical  Tanks 
© 1 

© 6 


39.5  kPa  (5000  psf)  soil  bearing  load  limit 

68.9  kPa  (10,000  psf)  soil  bearing  load  limit 

PiAXIMUM  TANK  HOOP  STRESS  EXCEEDED 


Tank  H/D  Ratio 
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1821  MWHt  8211  MWHt  15,600  MWHt 

(2,5  h)  (11.2  h)  (20.9  h) 


STORAGE  CAPACITY 


EFFECTIVE  COST  OF  SOLAR  STORAGE  vs  STORAGE  SIZE 


(2.5  h)  (11.2  h)  (20.9  h) 

STORAGE  CAPACITY 
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CONCLUSIONS  AND  RECOMMENDATIONS 


• THE  OPTIMUM  TANK  CONFIGURATION  FOR  EACH  SYSTEM  IS  THE  SMALLEST  NUMBER 
OF  LARGE  TANKS  POSSIBLE  WITHIN  THE  MECHANICAL  CONSTRAINTS  (SOIL  BEARING 
LOAD,  TANK  HOOP  STRESS) . 


• FOR  SMALL  STORAGE  SYSTEMS  WHERE  ALL  THE  SALT  CAN  BE  STORED  IN  ONE  TANK 
(<3000  MWHt),  THE  DUAL  TANK  SYSTEM  IS  THE  MOST  ECONOMICAL  SYSTEM. 


• FOR  INTERMEDIATE  STORAGE  SYSTEMS  (*10,000  MWHt),  THE  DUAL  TANK  SYSTEM 
IS  RECOMMENDED  AS  THE  COST  ADVANTAGES  OF  THE  THERMOCLINE  AND  CASCADE 
SYSTEMS  DO  NOT  WARRANT  THE  ADDED  TECHNICAL  RISK. 


• FOR  LARGE  STORAGE  SYSTEMS  015,000  MWHt),  THE  COST  ADVANTAGE  OF  THE 
CASCADE  SYSTEM  IS  ATTRACTIVE  ENOUGH  TO  ENCOURAGE  A SOLUTION  TO  THE 
THERMAL  CYCLING  PROBLEM.  IN  LIGHT  OF  THE  CURRENT  INFORMATION,  THOUGH, 
A DUAL  TANK  SYSTEM  IS  STILL  RECOMMENDED. 


SYSTEM  SCHEMATIC 


Hot  Tank  Cold  Tank 


Fiberous  Insulated  Heater 

Electrical  Heat  Traced 
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SANDIA  LABORATORIES  IN-HOUSE  ACTIVITIES  IN  SUPPORT  OF 


SOLAR  THERMAL  LARGE  POWER  APPLICATIONS* 
Raymond  W.  Mar 

Sandia  Laboratories , Livermore 


SUMMARY 


Research  activities  have  been  planned  and  carried  out  in  direct  support 
of  the  development  of  thermal  energy  storage  subsystems  for  solar  thermal  large 
power  applications.  The  emphasis  has  been  on  characterizing  the  behavior  of 
molten  nitrate  salts  with  regard  to  thermal  decomposition,  environmental  inter- 
actions, and  corrosion.  The  results  to  date  and  future  activities  are 
summarized  in  this  paper. 


INTRODUCTION 


Sandia’ s in-house  activities  are  defined  with  the  overall  objective  of 
advancing  solar  thermal  large  power  systems.  As  such,  many  of  these  activities 
are  equally  supportive  of  STOR  and  TPS  interest,  and  generic  in— house  re- 
search programs  have  evolved.  No  attempt  is  made  here  to  partition  the 
in-house  activities  according  to  funding  division,  since  a clear  demarcation 
does  not  exist  in  many  cases. 


MOLTEN  NITRATE  SALT  STUDIES 


Molten  nitrate  sensible  heat  thermal  energy  storage  systems  have  emerged 
as  one  of  the  leading  choices  of  primary  heat  transfer  and  thermal  storage 
media  in  advanced  solar  power  systems  (ref.  1).  The  salt  composition  of 
greatest  interest  is  draw  salt  (nominally  a 50-50  molar  mixture  of  NaN03  and 
KNO3),  and  most  of  the  activities  to  date  have  concentrated  on  this  composition 
Numerous  problems  have  been  identified  which  require  resolution  in  order  to 
prove  technical  feasibility,  carry  out  detailed  designs,  and  predict  long  term 
performance.  An  in-house  program  (supplemented  by  subcontracted  activities) 
has  been  developed  to  solve  these  problems . These  activities  can  be 
conveniently  divided  into  the  following  technical  areas : 


*Work  supported  by  U.  S.  Dept,  of  Energy,  DOE,  under  Contract  DE-AC04-76DP00789 


157 


• Thermal  Stability 

• General  Corrosion 

• Environmental  Corrosion  Cracking 

• Electrochemical  Studies 

• Thermal  Properties 

Each  of  these  areas  are  discussed  below  with  regard  to  (1)  the  nature  of  the 
problem,  (2)  accomplishments  to  date,  and  (3)  future  activities. 


Thermal  Stability 

It  is  recognized  that  nitrate  salts  can  degrade  by  numerous  processes; 
some  examples  are  given  below  (unbalanced) : 


{Na,K]N03  + [Na,K]N02  + 02 
[Na,K]N02  -*■  [Na,K]20  + N2,N0x,02 
[Na,K]N03  + [Na,K]N03 (g) 

[Na,K]N03  + C02  [Na,K]C03  + N2,NC>x,02 

[Na,K] 20  + H20  [Na,K]OH 

[Na,K] OH  + C02  -»•  [Na,K]C03  + H2 


All  of  these  reactions  are  thermodynamically  favored  to  some  extent.  The 
problem  is  to  define  the  extent  and  rate  at  which  these  reactions  occur. 

Many  parameters  conceivably  influence  the  degradation  process,  a partial 
list  being  temperature,  surface  area,  surface  to  volume  ratio,  ullage  gas 
composition,  salt  purity  and  gas  flow  rate  over  the  salt.  A Placket t-Burman 
experimental  design  (ref.  2)  has  been  run  in  order  to  determine  the  main  effect 
variables.  Preliminary  analyses  of  the  data  indicate  temperature  is  by  far  the 
most  important  variable;  detailed  data  analyses  are  currently  being  carried 
out.  In  addition  to  these  main  effect  screening  studies,  in-depth  studies  are 
underway  using  a TGA/EGA  (thermogravime trie /evolved  gas  analysis)  apparatus 
capable  of  simultaneously  measuring  sample  weight  changes  and  analyzing  evolved 
gas  species  in  vacuum  and  controlled  pressures  up  to  one  atmosphere.  Results 
to  date  show  it  is  incorrect  to  assume  the  reduction  reaction  ([Na,K]N03  ->■ 
{Na,K]N02  + .502)  is  the  only  major  decomposition  process  as  suggested  by 
others  (ref.  3).  Rather,  numerous  modes  of  decomposition  appear  to  be  active; 
N2  and  N0X  are  generated  as  products  of  decomposition  along  with  02. 
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Future  activities  will  be  aimed  at  isolating  the  different  decomposition 
processes,  and  determining  their  individual  rates.  The  prime  mode  of  study 
will  be  with  the  TGA/EGA  apparatus.  Several  supplementary  subcontracted 
activities  have  been  defined:  (1)  phase  diagram  determinations  and  (2) 

H20/C02  interaction  rates  and  mechanisms.  Requests  for  proposals  have  been 
prepared  and  are  scheduled  for  release  in  early  FY80. 


General  Corrosion 

Molten  nitrates  do  not  appear  to  create  an  overly  severe  general  corro- 
sion environment.  Static  immersion  tests  have  indicated  that  general 
corrosion  takes  place  by  oxidation.  Parabolic  rates  have  been  observed  for 
high  chromium  alloys,  suggestive  of  protective  oxide  formation.  The  oxide 
layers  appear  to  be  adherent,  and  are  not  susceptible  to  thermal  cycling. 
However,  in  order  to  extrapolate  this  data  to  30  year  time  periods  with 
confidence,  mechanistic  understanding  of  the  corrosion  process  is  needed. 
Furthermore,  a cause  for  concern  has  arisen;  chromium  has  been  observed  in  the 
salt,  which  implies  a potential  mass  transport  problem  in  an  operating  system 
with  thermal  gradients  and  flowing  fluids.  Static  immersion  tests  have  led  to 
the  selection  of  Incoloy  800  as  the  prime  candidate  for  high  temperature  use 
(1050°F),  although  the  less  costly  stainless  steels  cannot  be  discounted  on 
the  basis  of  general  corrosion. 

Three  single-material  thermal  convection  loops  have  been  constructed  out 
of  304,  316,  and  1800,  and  they  are  currently  in  operation.  To  date,  the 
loops  have  experienced  4000,  1000  and  1000  hours  of  operation  respectively. 
Sample  coupons  have  been  extracted  at  500  hour  intervals  and  analyzed  for  ex- 
tent of  corrosion.  Thin  oxide  layers  formed  on  the  alloys;  net  weight 
changes  are  negative  for  304,  and  positive  for  316  and  1800. 

Future  activities  include  the  continued  operation  of  these  loops  and 
complementary  immersion  tests  will  be  carried  out  with  the  objective  of  de- 
termining the  rates  of  the  various  processes  involved  (e.g.  oxide  formation, 
Cr203  dissolution,  Cr  diffusion) . The  in-house  studies  will  be  supplemented 
by  a subcontracted  study  at  ORNL,  where  304,  316,  and  1800  loops  experiments 
will  be  carried  out  in  sealed  environments. 


Environmental  Corrosion  Cracking 

A major  concern  to  design  engineers  is  the  coupled  interaction  of  an  ag- 
gressive environment  and  applied  stress  on  containment  materials.  A well 
known  problem  of  this  type  is  chloride  stress  corrosion  cracking,  where  the 
chemical  action  of  the  environment  acts  on  tips  of  propogating  cracks  to 
greatly  accelerate  crack  growth.  It  is  not  known  whether  the  nitrate  salt 
environment  induces  corrosion  cracking;  no  data  are  available  to  suggest  that 
there  is  or  isn' t a problem. 

A plan  has  been  developed  to  determine  the  potential  for  environmental 
cracking;  slow  strain  rate,  stress  corrosion,  and  corrosion  fatigue 
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experiments  are  planned,  and  will  be  initiated  in  FY80. 


Electrochemical  Studies 

Currently,  decomposition  and  corrosion  processes  are  being  studied  inde- 
pendently as  discussed  above.  It  is  also  recognized  that  one  can  expect 
strong  synergistic  interactions  between  the  salt  chemistry  (ionic  species) , 
decomposition  processes,  and  corrosion  processes;  therefore,  an  ability  to 
determine  ionic  species  (quantitatively  and  qualitatively)  in  the  salt  melt  is 
clearly  desired.  Electrochemical  techniques  can  provide  the  capability;  how- 
ever, techniques  must  be  developed  and  perfected.  Electrochemical  approaches 
can  also  be  used  for  real  time  studies  of  corrosion,  providing  a potential  for 
a sensitive  corrosion  tool  complementing  other  corrosion  activities  discussed 
above . 

In-house  activities  have  concentrated  on  the  development  of  an  oxide  ion 
sensitive  electrode.  Because  the  oxide  ion  (0=)  is  purported  to  be  a key  com- 
ponent in  thermal  decomposition,  corrosion,  and  CO2/H2O  interaction  processes, 
it  is  felt  that  a means  to  directly  measure  its  presence  is  required  to  gain  a 
fundamental  understanding  of  salt  behavior.  An  oxide  ion  sensitive  electrode 
of  the  form  Pb,Pb0/Zr02Y2C>3) //  has  been  developed  and  Nernst  behavior  demon- 
strated over  the  range  of  10-1°-10_1+  molal  0=  with  excellent  stability, 
response,  and  reproducibility.  A cyclic  voltammetric  set-up  has  been  com- 
pleted, and  preliminary  studies  on  nitrate  melts  have  demonstrated  the 
potential  for  using  cyclic  voltammetry  to  identify  ionic  melt  species. 

Techniques  to  determine  the  ionic  species  in  the  melt  will  continue  to  be 
developed,  and  eventually  used  to  monitor  the  salt  chemistry  as  thermal  decom- 
position, atmospheric  interaction,  and  corrosion  processes  occur. 

Subcontracted  electrodkinetic  studies  are  also  planned  in  which  the  kinetics 
of  passive  oxide  film  formation  on  candidate  alloys  will  be  investigated. 


Thermal  Properties 

The  high  temperature  viscometer  has  been  modified  to  study  molten  salts, 
and  experiments  will  be  carried  out  to  measure  viscosity,  surface  tension,  and 
density  as  a function  of  temperature,  salt  composition  and  gaseous  environment. 
If  is  is  determined  that  accurate  high  temperature  thermal  conductivity  and 
heat  capacity  data  are  required,  studies  will  be  initiated. 


OTHER  STUDIES 


The  major  emphasis  of  Sandia's  in-house  program  has  been  on  molten  draw- 
salt  behavior.  For  the  sake  of  completeness,  other  in-house  thermal  energy 
storage  related  activities  are  mentioned  here.  It  is  known  that  the  use  of 
hydrocarbon  fluids  as  a thermal  storage  medium  is  temperature  limited  due  to 
the  degradation  of  the  oil.  Rates  of  fluid  loss  have  been  determined  for  three 
different  hydrocarbon  oils:  Caloria  HT43,  SUN  21,  and  Therminol  66.  In 
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addition,  fluid  loss  rates  pertinent  to  oil/granite  and  oil/sand  dual  media 
systems  were  also  determined;  the  filler  material  (granite  and  sand)  caused 
enhanced  fluid  loss  rates  in  all  cases. 

Dual  media  systems  have  also  been  proposed  for  nitrate  salt  systems. 

The  compatibility  of  nitrate  salts  with  granite  rock  and  pelletized  iron  ore 
(taconite)  have  been  cursorily  examined;  the  results  indicate  the  salts  are 
not  compatible  with  granite  rock  materials , but  may  possibly  be  used  in 
direct  contact  with  taconite  at  temperatures  up  to  550°C. 
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, Objectives:  This  report  documents  the  second  year  of  a feasibility 

study  of  underground  storage  of  solar  energy  as  sensible  heat.  This  effort 
addresses  storage  temperatures  high  enough  to  utilize  conventional  steam- 
electric  power  generation  on  the  recovery  cycle.  The  method  of  storage  now 
under  evaluation  utilizes  cavern  storage  of  heat  transfer  oil  at  temperatures 
up  to  650°F  in  leached  caverns  within  salt  domes.  A study  of  aquifer  storage 
of  hot  water  at  these  temperatures  was  discontinued  when  it  became  apparent 
that  such  storage  would  encounter  major  problems  from  mineral  (silica)  solution 
and  requirements  for  down-hole  pumps  for  the  recovery  cycle.  Research  and 
development  efforts  have  been  focused  on  the  following  technical  problems: 

a)  Thermal  losses 

b)  Cavern  stability 

c)  Cavern  construction 

d)  Well  designs 

e)  heat  exchanger  interfacing 

f)  economics  for  cavern  storage  systems: 

Conclusions.  Studies  indicate  that  salt  cavern  storage  of  hot  oil  will 
be  both  technically  and  economically  practical  as  a method  of  solar  energy  storage 
for  electric  power  generation.  The  best  system  identified  in  this  study  is  a 
gravel  filled  cavern  using  at  least  one  input  and  one  output  well,  operated 
in  a thermocline  mode  with  injection  and  retrieval  on  a diurnal  cycle.  Thermal 
losses  should  be  less  than  one  percent  of  cyclicly- transferred  heat.  The 
gravel  filling  would  act  as  a heat  storage  medium  and  as  a stabilizer  against 
cavern  deformation  due  to  plastic  flow  of  salt.  (See  Figure  1.). 

During  the  second  contract  year  it  has  been  shown  that  such  a system 
can  be  built  using  existing  technology  and  available  materials.  In  particular, 
the  design  and  operation  of  such  a system  for  interfacing  to  a 10  MWe  central 
receiver  like  the  one  being  built  at  Barstow,  California  has  been  evaluated. 

A cavern  storage  system  could  be  built  for  about  $4  million  having  a 10  MWg 
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transfer  rate  capability  and  8+  hours  of  storage  capacity.  Storage  would  be 
at  about  (>50° F and  cost  about  $13. 50- per  kWht-  This  compares  favorably  with 
DOE  objectives,  but  larger  cavern  storage  systems  would  be  more  cost  effective 
with  costs  estimated  at  a low  $7.50  per  kWht.  Thus,  cavern  storage  would  be 
preferred  to  above-ground  storage  where  it  is  geologically  feasible.  A review 
and  summary  of  the  various  studies  carried  out  during  the  past  year  isolate 
and  explain  primary  conclusions. 


Figure  1.  Schematic  of  gravel  filled  salt  cavern  for  thermocline 
storage  of  heat  using  heat  transfer  oil. 


Thermal  Losses  from  Cavern  Storage  Systems.  In  the  first  year  of  the 
five-year  study,  we  have  reported  results  on  thermal  losses,  calculated 
with  a computer  simulator  assuming  a cavern  with  perfect  mixing  (homogeneous 
temperature  inside),  for  cyclic  operating  conditions.  Those  studies  showed 
that  for  daily  cycles  of  a hot  oil  storage  cavern--8  hours  injection  and  16 
hours  retrieval — thermal  losses  would  decline  rapidly  from  a moderately  high 
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value  to  less  than  one  percent  of  the  transferred  energy  by  the  end  of  one 
year  of  operation.  This  model  has  also  been  used  to  study  effects  of  non-cyclic 
operation  that  would  result  with  shut-down  of  the  solar  collector  in  cloudy 
weather.  These  studies  indicated  that  losses  would  not  be  prohibitive  for  shut- 
down periods  up  to  several  days  if  the  cavern  were  sufficiently  large. 

The  simulator  under  study  is  an  oversimplified  model,  for  it  assumes 
perfect  mixing  of  oil  within  a spherical  cavern.  The  model  also  describes  a 
storage  system  consisting  of  two  caverns,  a hot  cavern  and  a cold  cavern  with 
a nitrogen  gas  cap  in  each  cavern.  The  nitrogen  gas  cap  is  compressed  during 
fluid  injeftion  and  the  expansion  of  the  gas  produces  back-flow  in  the  retrieval 
cycle,  thus  negating  the  requirement  of  a downhole  pump.  However  this  system 
requires  caverns  at  significant  depth  to  sustain  required  internal  pressures 
and  poses  problems  of  mechanical  stability. 

It  now  appears  that  the  preferred  cavern  storage  system  will  be  a single 
gravel  filled  cavern  with  two  wells  operated  in  a thermocline  mode  using  oil  and 
rocks  essentially  like  the  above  ground  tanks;  one  well  connects  to  the  top  of 
the  cavern  (the  hot  well)  and  one  to  the  lower  end  of  the  cavern  (the  cold  well). 
(See  Figure  1 . ) . 

Gravel  filling  in  a thermal  storage  cavern  serves  three  purposes; 

1)  the  gravel  is  a storage  medium  for  sensible  heat  and  reduces  the  required 
oil  volume,  2)  the  gravel  restricts  thermal  convection  and  stabilizes  the 
thermocline,  and  3)  the  gravel  provides  mechanical  support  and  rigidity  to 
the  cavern  to  prevent  cavern  deformation  due  to  creep  of  the  salt,  or  plastic 
flow,  provided  that  internal  fluid  pressure  is  less  than  external  geostatic 
pressure. 

The  perfect  mixing  model  has  therefore  been  put  aside  and  attention 
devoted  to  the  formulation  of  computer  simulators  for  the  study  of  fluid  move^- 
ment,  heat  transfer,  and  thermal  losses  in  a gravel  filled  cavern  operated  as 
a thermocline  with  oil.  Preliminary  results  from  these  models  show  that  the 
order  of  magnitude  of  the  thermal  loss  in  this  system  is  not  radically  different 
from  that  in  the  homogeneous  cavern. 

Two  new  simulators  are  being  evaluated;  the  first  is  designed 
to  describe  in  detail  the  mass  and  heat  flow  within  the  cavern  as  well  as  the 
heat  flow  within  the  salt,  while  the  second  simulator  is  designed  for  accurate 
description  of  the  heat  flow  across  the  cavern  boundaries  and  within  the  salt 


166 


while  the  mass  and  heat  flow  within  the  cavern  are  treated  by  more  approximate 
means.  This  program  is  operational  and  is  being  used  to  generate  systematic 
data  on  cavern  operations. 

The  model  has  already  been  used  to  show  that  a thermocline  cavern  storage 
system  for  a small  scale  system  (10  MWg)  with  eight  hours  storage  would  lose 
about  2.6%  of  the  useful  stored  heat  during  one  daily  cycle  after  about  three 
months  of  continuous  operation.  The  loss  rate  at  the  end  of  one  year  of  con- 
tinuous operation  is  approximately  1.5%.  For  systems  of  larger  size  (100  MWfi  or 
more)  the  long  term  loss  rate  would  be  1%,  or  less,  of  the  cyclicly  transferred 
heat. 

Cavern  Stability  Studies.  The  major  problem  anticipated  for  the  cavern 
storage  system  was  cavern  deformation  due  to  creep  of  the  salt  at  high  tempera- 
tures, or  plastic  flow.  Published  experimental  data  for  a wide  range  of  strains, 
rates  of  strain  and  temperatures  have  been  curve-fitted  to  provide  an  adequate 
description  of  the  viscoelastic/plastic  properties  of  halite.  This  rheological 
model  for  halite  is  given  as  a general  equation  of  strain  rate  as  a function  of 
strain,  differential  stress  and  temperature  for  uni -axial  conditions.  For 
particular  constant  stress  and  temperature  values  it  can  be  integrated  numeri- 
cally to  give  the  total  strain  as  a function  of  time.  For  a temperature  of 
599°F  and  an  expected  differential  pressure  of  300  psi , the  integration  yields 
a total  strain  on  an  element  of  halite  of  1.8%  in  20  years  or  2.2%  in  50  years. 

The  same  element  of  halite,  when  subjected  to  a differential  pressure  of  600  psi 
at  the  same  temperature  would  suffer  a total  deformation  of  8.4%  in  20  years 
or  14%  in  50  years.  Note  that  these  results  do  not  take  into  account  the  rigidity 
of  the  gravel  pack  which  would  function  to  reduce  these  deformations, 

Gravel  filling  will  be  a greater  deterrent  to  cavern  deformation  than 
initially  anticipated.  It  is  well  known  that  a container  filled  with  rigid 
granules  in  firm  contact  cannot  undergo  a shear  deformation  without  expansion  of 
the  container  volume.  Thus,  since  the  pressure  of  the  overburden  must  be  over- 
come, in  order  for  the  cavern  to  expand,  the  gravel  should  give  great  rigidity 
to  the  cavern.  A simulator  is  currently  being  developed  to  determine  the  defor- 
mation and  rates  of  deformation  experienced  by  a spherical  cavity  filled  with 
saturated  gravel,  the  boundary  of  which  is  subjected  to  hydrostatic  loading. 

This  simulator  is  now  in  the  debugging  stage.  A survey  of  the  literature  is 
also  underway  to  find  sufficient  data  to  determine  the  elastic/creep  constants 
of  saturated  sands  to  be  used  as  input  to  the  simulator. 
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The  critical  factor  for  the  stabilizing  role  of  the  gravel  on  the  cavern 
appears  to  be  maintenance  of  fluid  pressure  within  the  pore  space  less  than 
the  confining  geostatic  pressure  of  the  salt.  An  analytical  solution  for  the 
pressure  distribution  within  the  cavern  has  been  obtained,  valid  within  some 
simplifying  assumptions,  which  shows  that  fluid  pressure  increases  required 
to  maintain  fluid  flow  will  generally  be  on  the  order  of  a few  hundred  psi. 

Such  pressures  could  be  tolerated  in  caverns  at  reasonable  depths.  Further 
study  of  these  flow  effects  is  underway,  using  both  analytical  and  numerical 
methods. 

Thermal  Storage  Fluids.  The  optimum  fluid  to  be  used  in  the  cavern 
storage  system  would  minimize  replacement  costs  for  a given  power  from  the 
system.  Replacement  costs  are  directly  proportional  to  fluid  loss  rate  due 
to  thermal  degradation.  Published  experimental  data  for  fluid  loss  rates  of 
some  commercially  available  heat  transfer  fluids  have  been  examined  from  this 
viewpoint.  Caloria  HT43,  SUN  21  and  Therminol  66  were  considered.  Of  these 
it  appears  that  Caloria  HT  43  would  be  most  suitable  with  a loss  rate  of  about 
6.25%  per  year  at  600°F.  However,  more  information  is  required  on  effects  of 
contact  with  metals,  air,  water  and  salt  on  rate  of  degradation. 

Well  Designs  and  Cavern  Construction.  A comprehensive  review  of  the 
literature  indicated  that  existing  equipment,  materials,  and  procedures  for  oil 
wells  can  be  adopted  for  construction  of  wells  for  the  cavern  storage  system. 

The  main  body  of  the  second-year  report  on  this  project  provides  a detailed 
description  of  the  process  of  drilling,  completing  the  wells,  leaching  the 
caverns,  and  placing  gravel  in  the  caverns. 

The  major  consideration  in  the  well  designs  is  the  requirement  of  adequate 
cement  bond  in  the  installation  of  the  well  casing  pipe  to  constrain  the  pipe 
against  thermal  expansion.  The  thermal  expansion  of  the  injection  tubing  can 
be  accommodated  by  thermal  expansion  joints.  A rigid,  porous  silica  foam 
coating  on  the  exterior  of  this  tubing  can  provide  good  thermal  insulation. 

Other  major  considerations  in  the  design  of  cavern  systems  are  brine 
disposal  while  leaching  and  the  technique  of  gravel  placement. 

Detailed  casing  designs  have  been  formulated  for  wells  of  three  flow 
rates,  1500  gpm,  2000  gpm,  and  2500  gpm,  and  two  depths,  3000  ft  and  5000  ft. 
Detailed  cost  estimates  account  for  materials,  installation,  and  supervision. 
Costs  have  also  been  estimated  for  cavern  leaching  and  gravel  filling. 
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Heat  Exchangers  and  Power  Generation.  Since  a specific  solar  collector 
has  not  yet  been  identified  to  interface  with  a cavern  heat  storage  system, 
the  10  MWg  system  being  built  at  Barstow,  California,  was  used  for  evaluation 
purposes.  Using  data  provided  in  the  McDonnell  Douglas  report  on  this  system, 
design  studies  were  carried  out  to  determine  the  type  of  modifications  of  the 
heat  exchangers  and  power  generation  equipment  that  might  be  required  in  order 
to  interface  the  solar  collector  with  a cavern  storage  system.  Though  some 
modifications  would  be  necessary,  none  are  considered  to  be  of  major  signifi- 
cance. 

Larger  systems— 100  MW,  to  1000  MW  --  would  require  a much  more  complex 
interfacing  of  the  solar  collector,  cavern  storage,  and  steam-electric  turbines. 
One  proposed  design  for  such  larger  systems  is  a cross-compound  system  using 
steam-electric  conversion  at  two  different  temperature  levels,  one  direct 
from  the  collector  and  one  direct  from  the  cavern,  with  cross  coupling.  This 
would  be  desirable  since  output  from  the  solar  tower  would  be  at  900-1 000°F 
while  cavern  storage  is  limited  to  about  650oF  by  the  oil  storage  fluid. 

Detailed  cost  estimates  were  prepared  for  the  10  MWg  system  and  some 
preliminary  estimates  of  costs  for  larger  systems  were  made;  these  are  shown 
below. 

Economics.  The  total  cost,  C,  of  a cavern  storage  system  is  given  by 


c -V  + C, 


w 


+ CD  + Ca 


where 

cc  = unit  volume  cost  of  cavern  and  contents  (gravel,  oil) 

V - cavern  volume 

C, , = costs  of  hot  and  cold  wells 
w 

CD  " cost  of  brine  disposal  well 
C,  = cost  of  above  ground  equipment. 

a 

For  systems  of  the  size  envisioned  in  this  study,  one  brine  disposal  well 
(Cn  = $620,000)  would  be  adequate  for  the  cavern  leaching  operation.  The  unit 

V o 

volume  cost  of  the  cavern  and  its  contents  is  approximately  $2. 85/ft  , This 
includes  costs  of  leaching,  gravel  placement,  and  oil.  The  cavern  volume  is 
dependent  upon  the  desired  storage  capacity  while  C and  C depend  upon  the 
desired  transfer  rate. 
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Cost  estimates  for  the  components  of  a cavern  system  with  a transfer 
rate  of  33  MWt  and  8-hour  storage  period,  given  in  various  sections  of  the 
complete  second  year  report,  are  summarized  below: 

Total  storage  system  costs  for  33  MWt 

transfer  rate  and  8-hour  storage  period. 

million  $ 


Cavern  Contents  (139,000  ft3  @ cc  = $2.85)  0.396 

C (1  hot  well,  1 cold  well)  1.638 

w 

CQ  (1  brine  disposal  well)  .620 

C_  (heat  exchangers,  pumps ) .733 

a 

TOTAL  $3,387 


The  total  cost  of  this  system  is  approximately  $3.4  million.  This  sum 

corresponds  to  total  storage  system  costs  of  $103/kWt  and  $1 3/kWh^ . These 

figures  compare  favorably  with  Department  of  Energy  cost  goals  for  near  term 

sensible  heat  storage.  Cost  goals  (C^)  can  be  compared  to  power  related  costs 

(C  ) and  capacity  related  costs  (C  ).  Power  related  cost  (C  ) depends  upon 
P S p 

the  capability  of  the  storage  system  to  accept  and  deliver  thermal  energy  at 
a given  rate  (heat  exchangers,  wells,  pumps,  etc.).  Capacity  related  cost 
(C$)  is  related  to  the  maximum  amount  of  energy  that  can  be  contained  within 
storage  (oil,  gravel,  construction  costs  of  cavern  capacity).  These  relations 
are  shown  below: 


Storage  System  Costs 


C- 

b 

n 

hours  of 
storage 

P 

power  cost 

us 

Capacity 

cost 

$/kWt 

$/kWht 

$/kWt 

$/kWht 

DOE  Goals 

90 

15 

6 

45 

7,50 

DOE  Goals* 

105 

13.3 

8 

45 

7.50 

This  study 
(small  system) 

103 

13 

8 

91 

1.50 

Here:  Ct($/kWt)  = Cp  + h-Cg 

Ct($/kWht)  = (Cp  + h-Cs)/h 


*D0E  6 hour  costs  converted  to 
8 hour  costs  for  direct  compari- 
son with  this  study. 
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The  underground  storage  yalue  for  the  power  cost  is  about  twice  the  DOE  goal, 

but  the  capacity  cost  is  much  less.  This  difference  exists  because  the 

underground  system  has  very  low  containment  costs  which  reduce  capacity 

related  costs  (C  ),  but  the  power  related  costs  (C  ) are  Increased  primarily 
s p 

due  to  the  well  costs. 

Cost  figures  quoted  are  for  a minimum  underground  system,  costs  for 
larger  commercial  scale  systems  would  be  less.  Minor  modifications  in  well 
design  would  conceivably  allow  doubling  the  flow  rates  used  in  this  study. 
With  this  change,  the  cost  of  a large  storage  system  (100  MWg  or  larger) 
would  be  approximately  $60/kWt  or  $7.50  kWh^.  Therefore,  cavern  storage 
appears  to  be  an  attractive  option  for  near  term  sensible  heat  storage  for 
solar  power  systems  of  large  size.  Cavern  storage  may  also  be  economically 
favorable  for  storage  periods  long  enough  (16  hours)  to  provide  baseline 
electric  power. 
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organic  Rankine  systems. 

Project  Status:  Under  a previous  contract,  NAS3-20615,  a module  was  tested 

and  a computer  simulation  code  developed.  This  follow-on 
effort  consists  of  diagnostic  test  on  the  module  and 
investigation  of  alternative  heat  transfer  fluids  and  heat 
exchange  concepts. 
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indicated  no  internal  corrosion  or  leakage.  The  module  has 
been  refilled  with  Thermkeep  (91.8%  Anhydrous  NaOH,  8% 
NaN03,  and  2%  Mn02)  and  prepared  foir  a second  test 
series  using  an  alternative  heat  transfer  fluid,  Caloria 
HT-43.  Silicone  B was  initially  to  be  used;  however,  this 
fluid  was  found  to  be  mildly  reactive  with  the  NaOH.  The 
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environment.  In  addition,  the  computer  model  has  been 
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a second  heat  exchange  inside  the  TES  module  which  will 
vaporize  and  superheat  the  Rankine  cycle  power  fluid. 
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INTRODUCTION 


The  program  reported  herein  is  a continuation  of  a prior  program  (ref.  l) 
which  included  the  design,  construction,  and  testing  of  an  experimental  one- 
tenth  scale-model  of  a phase  change  thermal  energy  storage  (TES)  system  suit- 
able for  use  in  electricity  generating  systems  such  as  the  Sandia  Solar  Total 
Energy  Test  Facility  (SSTETF)  at  Albuquerque,  New  Mexico.  This  was  used  to 
generate  data  with  which  to  verify  a previously  developed  computer  model  of 
the  TES  unit.  The  TES  unit  employs  a single  passive  internal  heat  exchanger 
which  is  used  both  for  charging  and  discharging  heat  by  means  of  a non-phase 
change  heat  transfer  fluid  such  as  Therminol-66.  The  TES  unit  and  test  bed 
are  described  in  ref.  1. 

The  nominal  composition  of  the  TES  medium  (Thermkeep)  is: 

Anhydrous  NaOH,  commercial  grade  91-8%  (wt) 

NaNO  8.0 

MnOg  0.2 

The  commercial  grade  of  NaOH  typically  contains  1-2%  of  NaCl  and  1-2% 
of  Na2C03. 

The  program  which  is  approximately  50%  completed  includes  the  following 
tasks : 

1.  The  experimental  model  developed  under  the  prior  contract  is  to  be 
examined  to  determine  whether  or  not  deterioration  has  occurred  dur- 
ing the  testing,  such  as  mechanical  damage  to  the  heat  exchanger,  or 
chemical  changes  in  the  TES  medium. 

2.  Restoration  of  the  TES  system  to  operating  condition,  installation  of 
a different  heat  transfer  fluid  approved  by  the  NASA  Program  Manager, 
and  the  running  of  a series  of  thermal  charging  and  discharging  cycles 
to  obtain  additional  experimental  data  for  correlation  with  the  compu- 
ter model  for  further  validation. 


The  program  is  being  performed  under  Contract  No.  DEN3-138  issued 
by  NASA  Lewis  Research  Center. 
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3.  Extension  of  the  computer  model  of  the  TES  system  to  include  a sec- 
ond heat  exchanger  in  the  TES  unit } so  that  the  unit  can  be  charged 
by  means  of  a non-phase  change  fluid  (e.g.  from  solar  collectors) 
flowing  in  one  heat  exchanger,  and  discharged  by  a phase  change  fluid 
flowing  in  the  other  (e.g.  the  power  fluid  of  a Rankine  cycle  engine). 

4.  Upon  completion  of  the  computer  model  a reference  design  of  a lowest 
cost  TES  system  is  to  be  developed  suitable  for  use  in  solar  electric 
power  generation. 


POST-TEST  ANALYSIS  OF  TES  UNIT 


During  the  prior  program  the  TES  unit  was  used  to  obtain  data  from  23 
cycling  tests  which  ranged  in  duration  from  ^ hours  to  k8  hours , and  in  temp- 
erature from  approximately  230  C to  315  C.  These  tests  extended  over  a period 
of  about  5 months  during  which  the  unit  was  maintained  continuously  within  the 
operating  temperature  range.  Thereafter  the  unit  self-cooled  very  slowly  to 
ambient  temperature . 


Chemical  Analysis  of  Thermkeep 

The  first  step  of  the  post-test  analysis  was  the  removal  of  samples  of 
Thermkeep  for  chemical  analysis  to  determine  whether  or  not  segregation  of 
components  occured  (Thermkeep  being  a non-eutectic  mixture),  and  whether  re- 
duction of  NaNO  resulted  in  an  increase  in  NaNO^.  The  latter  is  formed  at  a 
very  slow  rate  by  oxidation  of  the  steel  tank  and  heat  exchanger  and  is  reoxi- 
dized to  NaNO^  by  air  "breathed"  into  the  clearance  space  above  the  Thermkeep 
during  cycling,  thus  maintaining  chemical  stability.  Samples  for  analysis 
were  obtained  through  holes  cut  in  the  wall  of  the  tank.  Because  the  heat  ex- 
changer sustantially  fills  the  tank,  the  samples  were  removed  from  locations 
within  5 cm  of  the  tank  wall.  Tank  height  is  2.hh  cm  and  diameter  is  71-8  cm. 

The  samples  were  analyzed  in  pairs , one  pair  taken  from  the  original  lot 
of  Thermkeep  and  seven  pairs  taken  from  seven  locations  in  the  tank.  The  re- 
sults of  the  analysis  are  shown  in  table  I.  The  six  components  were  inde- 
pendently determined  and  the  small  deviation  of  the  total  from  100%  indicates 
the  precision  of  the  analyses . The  analyses  show  that  the  NaNO^  content  of 

the  Thermkeep  did  not  increase  in  the  TES  unit,  indicating  chemical  stability 
of  the  system. 

The  NaNO^  content  of  Thermkeep  (8%)  is  lower  than  that  of  the  NaOH-NaNO^ 
eutectic  ( 33%  NaNO^) • Upon  cooling,  the  solid  phase  which  forms  on  heat  ex- 
changer surfaces,  and  on  the  tank  walls  due  to  insulation  loss,  has  a higher 
ratio  of  NaOH  to  NaNO  than  the  liquid  phase.  The  samples  of  Thermkeep  (which 
were  close  to  the  tank  wall)  all  show  an  increased  NaOH/NaNO^  ratio.  Since  it 

is  believed  unlikely  that  nitrogen  was  lost  from  the  system,  this  is  tenta- 
tively attributed  to  a small-scale  segregation  of  components  during  solidifica- 
tion, which  would  be  reversed  upon  remelting.  To  obtain  more  information  on 
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this  point,  additional  samples  which  are  awaiting  analysis  were  taken  after 
the  Thermkeep  had  been  completely  remelted  by  a method  which  prevented  segre- 
gation of  components  during  sampling. 

The  cycling  mode  of  the  TES  unit  during  the  testing  program  that  preceded 
the  sampling  was  such  that  the  Thermkeep  near  the  bottom  (location  7)  was 
permanently  solid.  The  upper  portion  (locations  1-U)  was  substantially  com- 
pletely liquefied  during  each  cycle.  Table  I shows  that  the  NaOH/NaNO^  ratio 

is  higher  at  sampling  locations  5 and  6 than  at  others.  This  is  believed  to 
indicate  a small  degree  of  vertical  segregation  of  the  components  of  Thermkeep 
in  the  tank.  Further  testing  is  required  to  determine  whether  or  not  this 
represents  a stable  state  in  the  TES  tank  or  whether  further  segregation  would 
occur  with  continued  cycling.  In  either  case  this  condition  could  be  reversed 
by  periodically  remelting  the  Thermkeep  in  this  zone  of  the  tank. 


Examination  of  Heat  Exchanger 

Following  removal  of  the  Thermkeep  samples  , the  Thermkeep  was  melted  and 
partially  drained  to  expose  the  upper  third  of  the  heat  exchanger.  The  heat 
exchanger  consists  of  25  helical  coils  of  .6b  cm  diameter  steel  tubing  formed 
in  a helix  10  cm  in  diameter,  manifolded  at  top  and  bottom  for  parallel  flow 
of  the  heat  transfer  fluid.  Figure  1 shows  the  heat  exchanger  during  fabri- 
cation and  figure  2 shows  it  in  the  tank,  exposed  for  examination.  No  sig- 
nificant changes  were  observed  and  it  was  concluded  that  no  repair  was  re- 
quired before  proceeding  with  the  test  program. 


EXPERIMENTAL  VALIDATION  OF  COMPUTER  MODEL 


The  selection  of  a heat  transfer  fluid  for  the  computer  model  validation 
program  was  based  on  several  factors.  It  must  have  thermo-physical  properties 
significantly  different  from  those  of  Therminol-66  which  was  used  in  the  prior 
program  in  order  to  extend  the  range  of  correlation.  It  must  not  react  vio- 
lently nor  produce  toxic  reaction  products  when  in  contact  with  Thermkeep  at 
the  operating  temperature,  and  it  must  be  a fluid  which  would  be  suitable  for 
use  in  a demonstration  system.  From  among  the  candidates,  the  NASA  Program 
Manager  approved  Caloria  HTi+3,  a product  of  Exxon  Corp.  The  heat  transfer 
fluid  system  has  been  flushed  and  recharged  with  HT^3- 

Data  for  experimental  validation  of  the  computer  model  (details  of  which 
can  be  found  in  ref.  l)  are  to  be  obtained  from  several  types  of  charging  and 
discharging  runs  during  which  HTi+3  flow  rates  and  temperatures,  the  Thermkeep 
temperature,  and  the  TES  tank  surface  temperature  will  be  measured.  The  runs 
will  include  charging  and  discharging  at  constant  rates,  consecutive  cycles 
at  constant  charge  and  discharge  rates,  and  cycles  simulating  a solar  daily 
cycle.  This  actual  performance  is  to  be  compared  with  performance  predicted 
by  the  computer  model. 

This  phase  of  the  program  is  just  starting  and  only  preliminary  results 
are  available.  Figures  3 and  U show  partial  results  of  a slow  discharge  test 
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with  HT43  entering  at  235  C and  flowing  upward  through  the  heat  exchanger  at 
0.0489  kg/s  (l.l  gal /min ) . The  temperature  of  the  Thermkeep  in  the  TES  tank 
was  measured  hy  thermocouples  located  inside  the  tank,  11  cm  (4.3  in)  and 
27  cm  (10.8  in)  from  the  wall,  and  others  on  the  wall.  Temperatures  of  the 
Thermkeep  are  plotted  against  distance  from  the  top  of  the  tank,  as  measured, 
and  as  predicted  by  the  computer  model.  Figure  3 shows  the  initial  condition 
of  the  TES  tank  resulting  from  an  immediately  preceding  charging  which  left 
the  temperature  of  the  wall  about  17  C lower  than  the  interior.  The  computer 
response  to  the  initial  temperatures  is  also  shown.  Figure  4 shows  the  state 
after  one  hour  of  discharging  and  the  computer  prediction.  The  Thermkeep  is 
liquid  above  292  C and  most  of  the  latent  heat  is  delivered  between  292  C and 
270  C.  This  is  reflected  in  figure  4 by  an  increase  in  the  vertical  thermal 
gradient  below  the  latent  heat  range,  and  a decrease  within  it.  The  location 
of  the  upper  surface  of  the  Thermkeep  is  also  shown.  This  will  move  downward 
due  to  the  decrease  in  specific  volume  of  the  Thermkeep  as  solidification 
continues  in  later  stages  of  the  run,  which  will  be  continued  to  a total  of 
about  6 hours . 


ADVANCED  HEAT  EXCHANGER  MODEL 


Figures  5 and  6 show  schematically  how  the  TES  unit  can  be  used  in  a solar 
powered  electricity  generating  system  such  as  the  SSTETF.  The  experimental 
TES  unit  and  computer  model  presently  being  tested  correspond  to  figure  5* 

Heat  transfer  fluid  heated  by  solar  collectors  to  approximately  310  C flows  to 
a heat  exchanger  where  the  Rankine  cycle  fluid  (e.g.  toluene)  is  vaporized  and 
superheated.  Excess  heat  is  delivered  to  the  TES  unit.  The  return  tempera- 
ture to  the  collectors  is  243  C.  In  the  absence  of  solar  heat,  flow  through 
the  TES  is  reversed. 

The  advanced  computer  model  will  provide  for  two  heat  exchangers  in  the 
TES  unit,  one  for  the  heat  transfer  fluid  and  one  for  the  Rankine  cycle  fluid, 
as  in  figure  6.  The  algorithms  provide  for  heat  transfer  within  the  TES  unit 
from  the  heat  transfer  fluid  to  Thermkeep,  from  Thermkeep  to  the  Rankine  fluid, 
and  directly  from  the  heat  transfer  fluid  to  the  Rankine  fluid.  This  will 
allow  analysis  of  two  configurations:  l)  two  independent  heat  exchangers  with 

the  total  output  from  the  solar  collectors  flowing  through  the  Thermkeep;  2) 
two  thermally  coupled  exchangers  with  only  stored  heat  flowing  through  the 
Thermkeep.  Potential  advantages  of  these  configurations  are  the  elimination 
of  the  external  heat  exchanger  and,  more  importantly,  potential  improvement 
in  performance  of  the  TES  unit  resulting  from  the  fact  that  during  discharging 
the  temperature  of  the  Rankine  fluid  entering  the  bottom  of  the  TES  is  much 
lower  than  that  of  the  heat  transfer  fluid  in  the  case  of  the  single  heat  ex- 
changer . 
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TABLE  I.  ANALYSIS  OF  THERMKEEP  FROM  TES  VESSEL,  AND  ORIGINAL  MATERIAL  (%  BY  WEIGHT) 
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Temperature  3 C H*  Temperature 


3.  Thermkeep  Temperature  vs.  Axial  Distance,  Initial  Condition 


Fig.  it.  Thermkeep  Temperature  vs.  Axial  Distance,  after  1 Hour. 
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310  C 309  C 


Fig.  5.  Schematic  of  Solar  Powered  Electricity  Generating  System 
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HIGH-TEMPERATURE  MOLTEN  SALT  THERMAL  ENERGY  STORAGE  SYSTEMS 
FOR  SOLAR  APPLICATIONS 


Randy  J.  Petri  and  T.  D.  Claar 
Institute  of  Gas  Technology 

PROJECT  OUTLINE 


Project  Title:  High  Temperature,  Molten  Salt-Latent  Heat,  Thermal  Energy 

Storage  Development  for  Solar  Applications 

Principal  Investigator:  T.  D.  Claar 

Organization:  Institute  of  Gas  Technology 

3424  South  State  Street 
Chicago,  IL  60616 
Telephone:  (312)  567-3672 

Project  Goals:  Determine  feasibility  of  using  carbonate  salts  as  storage 

media  for  high  temperature  applications  (700°C  - 870°C). 

Review  carbonate  salt  properties  and  select  six  salts  as 
candi date  medi a. 

Investigate  methods  to  enhance  heat  transfer  through  solid 
salt. 

Conduct  carbonate  salt-containment  material  compatibility 
studies  that  include  3000  hour  screening  tests. 

Measure  thermophysical  and  transport  properties  of  two  most 
promising  salts. 

Project  Status:  Review  of  properties  complete  with  the  following  six  salts 

selected  for  compatibility  studies:  three  (3)  pure 

carbonates,  K2CO3,  L i 2CO3  and  Na2C03;  two  (2) 
eutectic  mixtures,  BaC03/Na2C03  and 
«2C03/NaC03,  and  one  (1)  off-eutectic  mixture  of 
Na2C03/K2C03. 

Compatibility  studies  scheduled  to  be  completed  by  mid-1980. 
Contract  Number:  DEN3-156 

Contract  Period:  August  1979  to  August  1980 

Funding  Level : $136,840 

Funding  Source:  NASA  Lewis  Research  Center 
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HIGH-TEMPERATURE  MOLTEN  SALT  THERMAL  ENERGY  STORAGE  SYSTEMS 

FOR  SOLAR  APPLICATIONS 

Randy  J.  Petri  and  T.  D.  Claar 
Institute  of  Gas  Technology 


PROGRAM  SUMMARY 

The  objective  of  this  program  is  to  select,  test  and  develop  alkali  and 
alkaline  earth  carbonate  latent-heat  storage  salts,  metallic  containment 
materials,  and  thermal  conductivity  enhancement  (TCE)  materials  to  satisfy  the 
high-temperature  (704°  to  871°C;  1300°  to  1600°F)  thermal  energy  storage  (TES) 
requirements  of  advanced  solar-thermal  power  generation  concepts.  This  will  be 
accomplished  by  experimental  screening  of  candidate  salt /containment /TCE 
materials  combinations  in  capsule  compatibility  tests  employing  both  reagent- 
grade  and  low-cost  technical-grade  salts.  The  results  of  these  compatibility 
tests  will  lead  to  the  selection  of  the  materials  combinations  that  best  meet 
the  anticipated  solar  power  system  requirements.  Needs  for  more  reliable  salt 
thermophysical  and  thermodynamic  property  data  will  be  identified,  and  selected 
measurements  will  then  be  performed  to  support  the  future  development  and 
scale-up  of  solar-thermal  TES  subsystems. 


MATERIALS  COMPATIBILITY  TESTING 
Salt  Selection 

Alkali  and  alkaline  earth  carbonate  salts  are  being  developed  as  latent- 
heat  thermal  energy  storage  materials  for  high  temperature  (704°  to  871°C) 
applications,  on  the  basis  of  their  desirable  thermophysical  properties,  good 
thermal  charge/discharge  performances  and  endurance-stability  exhibited  by 
these  materials  in  previous  experimental  programs  at  the  Institute  of  Gas 
Technology. 2 Table  1 is  a list  of  the  carbonate  salts  originally  identified 
and  studied  under  Contract  No.  NAS3-208062  as  candidate  storage  media  for 
Brayton  or  Stirling  solar  power  TES  applications.  Table  1 includes  pertinent 
thermophysical  salt  property  data  and  thermal  discharge  characteristics  deter- 
mined experimentally  in  12.7  cm  (5  in.)  high  X 7.6  cm  (3  in.)  diameter 
laboratory-scale  TES  modules  having  a 1.3  cm  (0.5  in.)  diameter  heat  exchanger 
tube.  These  modules  were  fabricated  from  AISI  304  and  316  stainless  steels. 
The  six  salts  identified  by  asterisks  in  this  table  have  been  selected  as 
candidate  salts  for  the  compatibility  screening  tests  to  be  conducted  under 
the  current  program.  Considerations  in  selecting  these  carbonate  salt  storage 
media  included  — 

• Energy  density 

• Cost 

• Melting/solidification  temperatures 
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• Thermal  cycling  performance  and  endurance  in  laboratory-scale  TES  modules 

• Vapor  pressure  and  high-temperature  stability 

• Impurity  levels  in  commercial-grade  salts 

• Toxicity,  safety,  hygroscopicity , and  handling  considerations 

• Volumetric  expansion  on  melting 

• Heat  capacity 

The  economic  feasibility  of  latent-heat  TES  concepts  requires  the  use  of 
low-cost  salt  materials.  Therefore,  the  potential  corrosion  problems,  salt 
instabilities,  and  other  limitations  associated  with  using  commercially  avail- 
able (technical-grade)  carbonates  will  be  investigated  in  the  capsule  screening 
tests.  Table  2 is  a list  of  technical-grade  alkali  and  alkaline  earth  car- 
bonates along  with  recent  costs  of  each  salt  in  bulk  quantities.  A number  of 
companies  have  been  identified  and  contacted  as  prospective  suppliers  of 
technical-grade  carbonates.  Chemical  and  physical  property  specifications  and 
cost  information  on  these  carbonates  are  being  obtained  from  chemical  companies 
supplying  these  materials.  Selection  of  the  technical  grade  salts  to  be  in- 
cluded in  screening  tests  will  be  based  on  types  of  impurities  present,  impurity 
levels,  and  cost. 


Containment  Materials  Selection 

The  work  completed  under  Contract  No.  NAS3-20806  demonstrated  the  need  to 
improve  the  long-term  resistance  to  corrosion  and  thermal  aging  effects  of 
containment  materials  in  the  elevated  temperature  regime  of  704°  to  871°C.  The 
materials  selected  as  candidate  containment  materials  are  generally  required  to 
possess  superior  resistance  to  — 

• Hot  corrosion,  oxidation,  and  carburization  on  the  salt  side 

• Intermetallic-phase  precipitation,  embrittlement,  or  other  long-term 
aging  effects  caused  by  high-temperature  (704°  to  871°C) . exposure 

• Thermal  cycling  effects  on  corrosion  and  strength 

• Interactions  with  working  fluids  (air,  helium,  and  sodium)  or  their 
impurities . 

In  addition,  mechanical  property  data  are  being  compiled  and  evaluated  to 
assure  structural  compatibility  for  the  proposed  high- temperature  TES  applica- 
tions, including  — 

• Stress-to-rupture  at  elevated  temperatures 

• Thermal  cycling  fatigue  behavior 

• Strain  and  thermal  aging  effects 

• Thermal  expansion  coefficients 

Candidate  containment  materials  are  being  selected  primarily  from  among 
iron-  and  nickel-based  stainless  steels  and  high-temperature  alloys.  Most  of 
these  alloys  contain  a significant  amount  of  chromium  and  thus  form  Cr203-rich 
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oxidation  product  scales.  Chromia  scales  are  protective  under  air  oxidation 
conditions,  but  Al203~containing  protective  films  are  generally  - superior  under 
molten  carbonate  conditions . Commercially  available  iron-nickel-chromium 
alloys,  some  containing  approximately  2 to  5 wt  % aluminum  additons,  are  being 
considered.  Application  of  a protective  coating  to  iron-nickel-chromium  alloy 
base  materials  by  aluminizing  techniques  is  also  being  evaluated.  Various  steel 
producers  have  been  contacted  as  potential  suppliers  of  these  alloys,  and 
available  property  data  are  being  received. 

Thermal  Conductivity  Enhancement  Materials  Selection 

The  incentive  for  TCE  materials/configurations  development  arises  from  the 
fact  that  the  thermal  discharge  performance  of  a TES  subsystem  is  controlled 
largely  by  the  rate  at  which  the  latent  heat-of-f usion  released  at  the  solid/ 
liquid  interface  is  transported  to  the  heat  exchanger  surface  through  the  grow- 
ing layer  of  solid  salt.  TCE  selection  criteria  will  thus  include  material 
thermal  conductivity,  expected  chemical  compatibility  with  the  carbonate  en- 
vironment, cost,  availability,  and  ease  of  fabrication  into  a desirable  TCE 
configuration. 

A preliminary  list  of  candidate  TCE  materials  is  provided  in  Table  3. 
Aluminum  is  very  attractive  as  a TCE  material  because  of  its  high  thermal 
conductivity  of  220  W/m-K  (127  Btu/hr-f t-°F)  (vLOOX  that  of  solid  carbonates 
and  10X  that  of  austenitic  stainless  steels).  Under  Contract  No.  NAS3-20806, 
a 95%  porous  reticulated  aluminum  structure  increased  the  discharge  heat  flux 
through  the  ternary  eutectic  Li2C03-Na2C03~K2C03  salt  (m.p.  397°C)  by  approx- 
imately 45%.  However,  aluminum  cannot  be  used  for  the  704°  to  871°C  solar 
thermal  TES  applications  because  of  its  660°C  (1220°F)  melting  point.  While 
iron  and  nickel-based  materials  are  more  compatible  at  these  temperatures, 
they  are  more  costly  and  have  much  lower  thermal  conductivities  than  aluminum 
and  copper,  greatly  reducing  their  attractiveness  as  TCE  materials.  Copper 
also  has  a very  high  thermal  conductivity  of  308  W/m-K  (178  Btu/hr-f t-°F)  and 
a reasonably  high  melting  point  of  1083°C  (1981°F) . Pyrolytic  graphite,  while 
still  a high-cost  developmental  material,  is  also  reported  to  have  a high 
thermal  conductivity  (208  W/m-K;  120  Btu/hr-f t-°F)  and  has  a good  thermal 
stability  in  non-oxidizing  environments.  Both  copper  and  graphite  would  be 
severely  oxidized  in  a high-temperature  molten  carbonate  environment  having 
access  to  the  air  environment.  However,  if  gaseous  oxidants  are  excluded  by 
use  of  sealed  containment  or  an  inert  cover  gas,  oxidation  of  copper  and 
graphite  TCE  materials  should  be  acceptably  low.  Candidate  TCE  materials  will 
be  corrosion  tested  in  bulk  form,  or  if  available,  as  porous  reticulated 
structures . 


Screening  Tests 

Compatibility  screening  tests  of  the  candidate  salt /containment/ TCE 
materials  combinations  will  be  conducted  in  welded  containment  capsules  (2.54  cm 
diameter  by  10.2  cm  long)  containing  the  salt  and  TCE  material.  The  compati- 
bility of  5 containment  and  2 TCE  materials  will  be  evaluated  with  both  reagent- 
and  technical-grades  of  6 candidate  salt  compositions.  The  first  phase  will  be 
a 1000  hour  test  of  the  salt/containment/TCE  matrix  (minimum  of  70  capsules). 
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Based  on  the  post- test  examination  results  of  the  1000  hour  test,  the  30  most 
promising  materials  combinations  will  then  be  evaluated  in  a 3000  hour  compati- 
bility test.  Compatibility  evaluations  will  be  based  on  — 

• Depth  and  nature  of  salt-side  corrosion  of  containment  and  TCE 
materials 

• Air-side  containment  oxidation 

• SEM/EDAX  analysis  of  selected  areas 

• Containment  alloy  thermal  aging  effects 

• Weld  integrity  in  salt  environment 

• Gravimetric  analyses  of  containment  alloy  and  TCE  coupons 

• Chemical  and  physical  analyses  of  salt 

PROPERTY  MEASUREMENTS 

The  design  and  scale-up  of  a latent-heat  TES  subsystem  require  accurate 
salt  property  data,  such  as  melting/solidification  temperatures,  heat  of  fusion, 
volumetric  expansion  upon  phase  change,  heat  capacity  and  thermal  stability. 
However,  many  of  these  salt  property  data  for  salts  in  the  704°  to  871°C 
temperature  range  are  either  unavailable  or  subject  to  large  error  and  incon- 
sistency. Based  on  the  results  from  previous  experimental  testing  in  laboratory 
scale  TES  modules  and  the  1000  and  3000  hour  compatibility  tests,  at  least  two 
carbonate  salt  compositions  most  suitable  for  anticipated  solar  thermal  energy 
storage  applications  will  be  identified.  Available  thermodynamic 'and  thermo- 
physical property  data  for  these  salts  will  be  critically  reviewed  and  critical 
gaps  will  be  identified.  The  required  property  measurements  will  then  be  per- 
formed on  a maximum  of  six  salt  composition-purity  level  combinations.  The 
results  from  this  property  measurement  activity  will  subsequently  be  utilized 
in  future  carbonate  TES  development  efforts. 
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Table  1,  CANDIDATE  CARBONATE  COMPOSITIONS  TESTED  UNDER 

CONTRACT  NAS3-20806 


No. 

Salt  System 

Composition 
Wt  Z Hoi  Z 

Literature 
Mel  ting  Point 

"C  *F 

Ailf 

J/kK 

Thermal 

Conductivity 

W/m-K 

1 

I.t2C03-CaC03 

44.3-55.7 

37-63 

662 

1224 

274,468 

- 

*2 

Na2C03-BaC03 

52.2-41.8 

37-63 

686 

1267 

172,124 

- 

*3 

K2C03-Na2C03- 

li2co3 

48.8-50.0- 

1.2 

44-55-1 

706 

1303 

162,820 

1.73 

*4 

K2COj-Na2CO^ 

50-50 

44-56 

710 

1310 

162,820 

1.73 

* 5 

Li2C03 

100 

100 

726 

1333 

607,086 

1.96 

*6 

Na2C03-K2C03 

81-3-18.7 

85-15 

790- 

737 

1454- 

1360 

253,534 

- 

*7 

Na2C03 

100 

100 

858 

1576 

265,164 

1.83 

*8 

k2co3 

100 

100 

891 

1636 

200,036 

1.73 

Heat  Capacity 


No. 

at  Melting  Point 
J/kg-K 

Cp(s)  Cp«o 

Density 
at  25°C 
kg/m3 

Discharge 

Solidification 

Range 

“C  ->  °C 

Q nip  + 50®C 
mp  - 50°C 
U/»2 

(90“P) 

(90°F) 

No. 

of 

Cycles 

Hours  at 
Operational 
Temperature 

1 

- 

- 

662 

- 

657 

40,420 

25 

312 

*2 

- 

- 

717 

- 

712 

41,680 

36 

984 

*3 

1674.7 

1549.1 

2399.6 

706 

- 

695 

44,420 

22 

528 

*4 

1674.7 

1549.1 

2399.6 

708 

700 

36,950 

13 

336 

*5 

2637.7 

2512.1 

2108.0 

734 

- 

730 

76,660 

22 

672 

*6 

- 

- 

2513.3 

790 

- 

738 

46,120 

38 

1032 

*7 

1004.8 

1004.8 

2527.7 

868 

862 

45,650 

21 

288 

*8 

1507.2 

1507.2 

2428. 4 

916 

912 

72,510 

2 

96 

* Selected  as  candidate  salt  for  compatibility  screening  tests. 
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Table  2.  ESTIMATED  COSTS  OF  TECHNICAL  GRADE  ALKALI 
AND  ALKALINE  EARTH  CARBONATES* 


Cost, 


Salt 

Description 

$/kg 

$/lb 

1. 

Li2C03 

Powder , bags 

2.06 

1.03 

2. 

Na2C03 

Powder 

0.07 

0.03 

3. 

k2co3 

Granulated,  purified 

0.44 

0.20 

Calcined  99  to  100%  K2C03 

0.42 

0.19 

4. 

MgC03 

Powder,  bags 

0.22 

0.10 

5. 

CaC03 

Ultrafine,  USP  bags 

0.20 

0.09 

Natural  dry-ground  air-floated,  -325 
mesh,  bags 

0.02 

0.01 

6 . 

SrC03 

Glass  ground,  bags 

0.62 

0.28 

7. 

BaC03 

Precipitated,  bags 

0.46 

0.21 

Photo  grade,  bags 

0.37 

0.17 

Electronics  grade,  bags 

0.37 

0.17 

Chemical  Marketing  Reporter,  September  19,  1979. 
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Table  3.  POTENTIAL  HEAT  CONDUCTION  ENHANCEMENT  MATERIALS 
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BUILDING  HEATING  AND  COOLING  APPLICATIONS 


Program  Area  Synopsis: 

Plans  are  being  developed  for  a comprehensive  thermal  energy 
storage  technology  and  development  program  covering  building  heating  and 
cooling  applications  in  the  residential  and  commercial  sectors. 

Three  elements  have  been  identified  to  undergo  an  Applications 
Assessment,  Technology  Development,  and  Demonstration.  The  element 
receiving  primary  emphasis  is  the  Utility  Load  Management  TES 
Application  where  the  stress  is  on  the  "customer  side  of  the  meter".  A 
second  element  involves  improved  and  advanced  thermal  storage  subsystems 
for  space  conditioning.  The  third  element  is  Conservation  by  means  of 
increased  thermal  mass  within  the  building  envelope  and  by  means  of 
low-grade  waste  heat  recovery. 
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BUILDING  HEATING  AND  COOLING  APPLICATIONS  THERMAL 

ENERGY  STORAGE  PROGRAM  OVERVIEW 

D.  M.  Eissenberg 
Oak  Ridge  National  Laboratory 


PROGRAM  OBJECTIVE  IS  REDUCED  CONSUMPTION  OF 
OIL  AND  GAS  FOR  RESIDENTIAL/COMMERCIAL 
SPACE  CONDITIONING  BY  USING  THERMAL 
ENERGY  STORAGE 


• SWITCHING  TO  COAL  AND  NUCLEAR 
(ELECTRICITY) 

• INCREASED  UTILIZATION  OF  SOLAR 

• MORE  EFFICIENT  USE  OF  OIL  AND  GAS 


THE  PROGRAM  IS  DIRECTED  AT  ACHIEVING 
SIGNIFICANT  REDUCTION  IN  OIL/GAS 
CONSUMPTION 


• NEAR-  TO  MID-TERM  TECHNOLOGIES 

• NEW  AND  RETROFIT  INSTALLATIONS 

• BROAD  GEOGRAPHIC/CLIMATIC 
APPLICATIONS 
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THE  PROGRAM  IS  DIVIDED  INTO  THREE 
ELEMENTS 


• STORAGE  OF  OFF-PEAK  ELECTRICITY  AS 
THERMAL  ENERGY 

• STORAGE  OF  SOLAR  ENERGY  AS  THERMAL 
ENERGY 

• INCREASE  IN  HEATING  AND  COOLING 
SYSTEMS'  EFFICIENCY  BY  MEANS  OF 
THERMAL  ENERGY  STORAGE 


EACH  PROGRAM  ELEMENT  WILL  EXPLORE  IMPROVED 
AND  ADVANCED  STORAGE  MATERIALS  AND 
TECHNOLOGIES 


SENSIBLE 

HEAT 


SOLIDS 

WATER 


EARTH 


LATENT 

HEAT 


HYDRATED  SALTS 
ICE 


OTHER  PCMS 
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APPROPRIATE  STORAGE  MATERIALS  AND 
TECHNOLOGIES  WILL  BE  THOROUGHLY 
EXPLORED 


• TECHNO-ECONOMIC  ANALYSES 

• ADVANCED  CONCEPT  DEVELOPMENT 

• APPLIED  RESEARCH 

• TECHNOLOGY  DEVELOPMENT 

• ENGINEERING  DEMONSTRATIONS 


OFF-PEAK  ELECTRICITY  UTILIZATION  IS 
THE  MAJOR  PROGRAM  ELEMENT 


• BASED  ON  INCENTIVES  OFFERED  ELECTRICITY 
CONSUMER  TO  OWN  AND  UTILIZE  TES  SYSTEMS 

• INVOLVES  HEAT  AND/OR  COOL  STORAGE 

• NEAR-TERM 

• WIDESPREAD  APPLICATION/LARGE  FUEL 
SWITCHING  POTENTIAL 
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TES  SYSTEMS  FOR  OFF-PEAK  ELECTRICITY 
UTILIZATION  MUST  SATISFY  THREE 
CONSTRAINTS 


• COST  EFFECTIVE  (INCENTIVE  >COST) 

• FUNCTIONAL  (COMFORTABLE,  CONVENIENT, 
RELIABLE,  SAFE) 

• TECHNICALLY  EFFECTIVE  (ACHIEVE  UTILITY 
LOAD  LEVELING  GOALS) 


SEVERAL  PATHS  TO  IMPROVED  OR  ADVANCED 
CUSTOMER-OWNED  TES  ARE  BEING 
FOLLOWED 


RESIDENTIAL 

COMMERCIAL 

• HEATING 

REFRACTORY  BRICK 

WATER 

WATER 

MOLTEN  SALTS 

• COOLING 

ICE 

ICE 

HYDRATED  SALTS 

WATER 
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SOLAR  THERMAL  STORAGE  IS  A SECOND 
MAJOR  THRUST  AREA 

• PASSIVE  SOLAR 

• ACTIVE  SOLAR  HEATING 

• ACTIVE  SOLAR  COOLING 

• SOLAR  ASSIST  HEAT  PUMPS 


PROGRAM  OBJECTIVE  FOR  PASSIVE  SOLAR 
STORAGE  TECHNOLOGY  IS  IMPROVEMENT 
OVER  TROMBE  WALL 


• REDUCED  WEIGHT,  VOLUME 

• FLATTENED  DIURNAL  TEMPERATURE  SWING 

• INCREASED  ARCHITECTURAL  OPTIONS 

BY  INCORPORATION  OF  PHASE-CHANGE  MATERIALS 
INTO  BUILDING  MATERIALS 
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OBJECTIVE  OF  STORAGE  TECHNOLOGY  DEVELOPMENT 
FOR  ACTIVE  SOLAR  HEATING  APPLICATION  IS 
OVERALL  SYSTEM  COST  REDUCTION  AND 
INCREASED  ACCEPTABILITY 


• STORAGE  AT  MINIMUM  TEMPERATURE  FOR  USE 
OPTIMIZES  COLLECTOR  PERFORMANCE 

• WEIGHT,  VOLUME  REDUCTION 

• REDUCED  PEAK  CAPACITY  OF  BACKUP 


SOLAR  COOLING,  A MORE  DISTANT  OPTION,  REQUIRES 
DEVELOPMENT  OF  APPROPRIATE  STORAGE 
TECHNOLOGIES  TO  REDUCE  TOTAL 
SYSTEM  COST 


• HOTSIDE  (120°C) 

• COLDSIDE  (7°C) 

HOT-SIDE  STORAGE  MATERIALS  ARE  BEING  DEVELOPED 
UNDER  A SMALL  PROGRAM 
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OBJECTIVE  OF  THERMAL  STORAGE  FOR  SOLAR- 
ASSISTED  heat  PUMPS  IS  LOW-COST  BOOSTING 
OF  HEAT  PUMP  PERFORMANCE 


• STORAGE  OF  SOLAR  HEAT  AT  NEAR- AMBIENT 
TEMPERATURE 

• COMBINED  WITH  OFF-PEAK  ELECTRICITY  USE 

• SINGLE  STORAGE  MEDIUM  FOR  BOTH  HEAT 
AND  COOL 


DEVELOPMENT  OF  STORAGE  FOR  USE  WITH 
CONVENTIONAL  OIL  OR  GAS  HEATING 
SYSTEMS  CAN  REDUCE  FUEL 
CONSUMPTION 


• REDUCED  CYCLING  FREQUENCY 

• REDUCED  HEATING,  STACK  LOSSES 

• DISTRIBUTED  OR  CENTRAL  STORAGE 

• NEW  OR  RETROFIT 

TECHNO-ECONOMIC  ANALYSIS  IS  REQUIRED  TO 
DETERMINE  MERITS 
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USE  OF  THERMAL  STORAGE  TO  TEMPER  THE 
HEAT  SOURCE/SINK  FOR  RESIDENTIAL  OR 
COMMERCIAL  HEAT  PUMPS  CONSERVES 
ELECTRICITY 


• CRAWLSPACE/EARTH  STORAGE 

• DAILY  ACES 

CURRENT  DEVELOPMENT  OF  A CRAWLSPACE 
SOURCE  HEAT  PUMP  LOOKS  VERY  PROMISING 


THE  PROGRAM  FOR  FY  1980-81  WILL  INCLUDE 
MAJOR  PROJECTS  ADDRESSING  TWO 
PROGRAM  ELEMENTS 


MAJOR 


• RESIDENTIAL  COOL  STORAGE  FOR  OFF-PEAK 
ELECTRICITY 

• RESIDENTIAL  HOT  STORAGE  FOR  OFF-PEAK 
ELECTRICITY 

• RESIDENTIAL  STORAGE  INCORPORATED  IN 
BUILDING  MATERIALS 

• RESIDENTIAL  HOT  STORAGE  FOR  SOLAR 
HEATING 

• COMMERCIAL  HOT/COLD  STORAGE  FOR  OFF-PEAK 
ELECTRICITY 
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ADDITIONAL  MINOR  AND  SUPPORT  PROGRAMS 
ADDRESS  ALL  PROGRAM  ELEMENTS 


MINOR 


• RESIDENTIAL  HOT  STORAGE  FOR  INCREASING 
OIL/GAS  BURNER  EFFICIENCY 

• RESIDENTIAL  HOT  SIDE  STORAGE  FOR  SOLAR 
COOLING 

• RESIDENTIAL  HOT/COOL  STORAGE  FOR  INCREASING 
HEAT  PUMP  EFFICIENCY 

SUPPORT 

• ASSESSMENT  OF  STORAGE/HEAT  PUMP  SYSTEMS 

• ASSESSMENT  OF  STORAGE/OIL-GAS  HEATER  SYSTEMS 

• ANALYSIS  OF  PHASE-CHANGE  HEAT/MASS  TRANSFER 

• PERFORMANCE  TESTING  OF  HOT  AND  COOL  TES 
SYSTEMS 

• FIELD  TESTING  OF  COOL  STORAGE  SYSTEMS 
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SUBCONTRACTED  ACTIVITIES  RELATED  TO  TES  FOR  BUILDING 
HEATING  AND  COOLING 


Jim  Martin 

Oak  Ridge  National  Laboratory 

ORNL  IS  MANAGING  THE  DOE/STOR  PROGRAM  IN 
THERMAL  ENERGY  STORAGE  FOR  BUILDING 
HEATING  AND  COOLING 


SUBCONTRACT  PROGRAM  ELEMENTS 


• UTILITY  LOAD  MANAGEMENT 

• SOLAR  APPLICATIONS 

• CONSERVATION 


THE  FY  79  (LTTES)  PROGRAM  INCLUDED 
SUBCONTRACTS  IN  THE  UTILITY  LOAD 
MANAGEMENT  APPLICATION  AREA 


FY  79  ACTIVITIES 

• LIFE  AND  STABILITY  TESTING  OF 
PACKAGED  LOW  COST  ENERGY 
STORAGE  MATERIALS 

UNIVERSITY  OF  DELAWARE  (IEC) 
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LIFE  AND  STABILITY  TESTING  OF  PACKAGED  LOW  COST 
ENERGY  STORAGE  MATERIALS  (PROPRIETARY 
GLAUBERS  SALT-CLAY  MIXTURE  IN  "CHUBS") 

CONTRACTOR 

UNIVERSITY  OF  DELAWARE  - IEC 
OBJECTIVE 

• VERIFY  INTEGRITY  OF  CHUB  PACKAGING  SYSTEM 

• VERIFY  LIFE  AND  STABILITY  OF  PACKAGED  PC 
MATERIAL 

APPROACH 

• DETERMINE  WATER  VAPOR  RETENTION  OF  FILM 

• EXPOSURE  TO  TEMPERATURE  EXTREMES 

• EXPOSURE  TO  VIBRATION  AND  DROP  TESTS 

• ACCELERATED  AND  DIURNAL  THERMAL  CYCLING 


LIFE  AND  STABILITY  TESTING  OF  PACKAGED  LOW 
COST  ENERGY  STORAGE  MATERIALS 
(PROPRIETARY  GLAUBERS  SALT- 
CLAY  MIXTURE  IN  "CHUBS")  (CONT'D) 


STATUS 

• FINAL  REPORT  COMPLETE  EXCEPT  FOR 
REVISIONS  BY  THE  CONTRACTOR 

• CHUBS  DELIVERED  FOR  EVALUATION 

• ORNL 

• VARIOUS  UTILITIES 

• ABOVE  OBJECTIVES  WERE  MET 

• EFFECT  OF  CYCLING  ON  CHUB  HEAT  OF 
FUSION  DETERMINED 
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UTILITY  LOAD  MANAGEMENT  WILL  BE  THE 
MAJOR  APPLICATION  AREA  IN  FY  80 


• DEVELOPMENT  OF  TES  SYSTEM  FOR 
RESIDENTIAL  SPACE  COOLING 

RFP 

• RESISTANCE  STORAGE  HEATER  COMPONENT 
DEVELOPMENT 

RFP 

• DEVELOPMENT  OF  TES  TEST  FACILITY* 

ANL  (PURDUE  UNIVERSITY) 

• DEMONSTRATION  OF  STORAGE  HEATER 
SYSTEMS  FOR  RESIDENTIAL  APPLICATIONS 

ANL 

• SIMULATION  AND  EVALUATION  OF  LATENT 
HEAT  TES-HEAT  PUMP  SYSTEMS 

RTI 


DEVELOPMENT  OF  TES  SYSTEMS  FOR  RESIDENTIAL 
SPACE  COOLING 


• MAJOR  PART  OF  SUBCONTRACT  FUNDING  IN  FY  80 
WILL  BE  FOR  THIS  EFFORT 

OBJECTIVE 

• DEVELOP  STORAGE  SYSTEMS  AND  COMPONENTS 
UTILIZING  PCM 

• DESIGN  PROTOTYPE  OF  UNITS  WITH  STRONG 
POTENTIAL  FOR  COMMERCIALIZATION 

• DEFINE  INTERACTION  BETWEEN  COOL  STORAGE 
ECONOMICS  AND  PREDICTED  ELECTRIC  RATE 
STRUCTURES  FOR  SYSTEMS  DEVELOPED 

APPROACH 

• SOLICIT  PROPOSALS  VIA  RFP 
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DEVELOPMENT  OF  TES  SYSTEMS  FOR  RESIDENTIAL 
SPACE  COOLING  (CONT'D) 


SCOPE 

• 11/2-21/2  YEAR  PROGRAM 

• PHASE  I - R&O  ON  STORAGE  CONCEPT 

• PHASE  II  - PROTOTYPE  DESIGN,  SPECIFICATION 
AND  COSTING 

• PHASE  II  - BASED  ON  PHASE  I RESULTS  OR  ALREADY 
DEVELOPED  TES  CONCEPTS 

• MULTI-AWARD  PROGRAM 
SCHEDULE 

• CBD  NOTICE  OF  INTENT  HAS  BEEN  ISSUED 

• RFP,  DECEMBER  '79 

• CONTRACT  AWARD,  MAY  '80 


RESISTANCE  STORAGE  HEATER  COMPONENT 
DEVELOPMENT 


OBJECTIVE 

• DEVELOP  AND  TEST  COST  EFFECTIVE 
CERAMIC  BRICKS  PRODUCED  FROM 
OLIVINE  OR  OTHER  SUITABLE  DOMESTIC 
REFRACTORY  FOR  APPLICATION  TO 
RESISTANCE  STORAGE  HEATERS 

• DEVELOP  AN  IMPROVED  BRICK  DESIGN 

• DEVELOP  MANUFACTURING  TECHNIQUES 

APPROACH 

• SOLICIT  PROPOSALS  VIA  RFP 
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RESISTANCE  STORAGE  HEATER  COMPONENT 
DEVELOPMENT  (CONT’D) 


SCOPE 

• DETERMINATION  OF  CRITERIA  FOR  PERFORMANCE 
OF  CERAMIC  BRICKS  FOR  STORAGE  HEATERS 

• DEVELOP  AND  TEST  PROTOTYPE  BRICKS  OF 
OLIVINE  OR  OTHER  SUITABLE  DOMESTIC 
REFRACTORY 

• DEVELOP  MANUFACTURING  TECHNOLOGY  AND 
DETERMINATION  OF  MANUFACTURING  COSTS 

• MANUFACTURE  OF  QUANTITIES  OF  BRICKS 
FOR  FIELD  TESTS 

SCHEDULE 

• RFP,  FEBRUARY  '80 

• CONTRACT  AWARD.  JULY  '80 

• PERFORMANCE  PERIOD  3 YEARS 


DEMONSTRATION  OF  STORAGE  HEATER  SYSTEMS 
FOR  RESIDENTIAL  APPLICATIONS 


CONTRACTOR 

ANL 

OBJECTIVE 

• VALIDATE  IMPACT  ON  UTILITIES  COST  EFFECTIVENESS 
AND  CUSTOMER  ACCEPTANCE  OF  COMMERCIALLY 
AVAILABLE  TES  UNDER  US  OPERATING  CONDITIONS 

• IDENTIFY  AND  DEFINE  AFTER-THE-METER  R&D  NEEDS 
APPROACH 

• TWO  DEMONSTRATIONS 

- VERMONT  - 23  DEMONSTRATIONS,  19  CONTROLS 

- MAINE  - 10  DEMONSTRATIONS;  8 CONTROLS 

STATUS 

• DATA  FROM  FIRST  WINTER  SEASON  HAVE  BEEN 
COLLECTED  (SECOND  SEASON  79-80  WILL  BE  CON- 
TINUED) 

• SURVEY  OF  CUSTOMER  ATTITUDES  HAS  BEEN 
COMPLETED 
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SIMULATION  AND  EVALUATION  OF  LATENT  HEAT 
TES  - HEAT  PUMP  SYSTEMS 


CONTRACTOR 

RTI 

OBJECTIVE 

• DERIVE  THE  RELATIVE  VALUE  OF  TES  FOR  HEAT 
PUMPS  AS  A FUNCTION  OF  STORAGE  TEMPERATURE. 
MODE  OF  STORAGE,  GEOGRAPHIC  LOCATION  AND 
TIME-OF-USE  UTILITY  RATE  STRUCTURE 

APPROACH 

• CARRY  OUT  COMPUTER  SIMULATION  STUDY  USING 
AVAILABLE  MODELS  AND  DATA  BASES 


STATUS 

• THERMAL  LOAD  SIMULATION  MODEL  OPERATIONAL 

• INPUT  DATA  BEING  COMPILED 

• SIMULATION  SITES,  MODEL  BUILDING  DESIGN  AND 
WEATHER  DATA  HAVE  BEEN  DEFINED 


APPLICATION  OF  TES  FOR  SOLAR  APPLICATIONS 
PRESENTLY  A SECONDARY  EFFORT 


FY  79  SUBCONTRACTS 

• DEVELOPMENT  OF  AN  OPTIMUM  PROCESS  FOR 
EB  CROSSLINKING  OF  HOPE  TES  PELLETS 

UNIVERSITY  OF  DAYTON 

• DEVELOPMENT  OF  HIGH  TEMPERATURE  PCM 

UNIVERSITY  OF  DELAWARE  (M.E.) 

• TES  SUBSYSTEMS  FOR  SOLAR  HEATING 
APPLICATIONS 

GENERAL  ELECTRIC 

• DIRECT  CONTACT  HEAT  TRANSFER  PCM 

CLEMSON  UNIVERSITY 
FY  80  SUBCONTRACTS 

• DEVELOPMENT  OF  TECHNOLOGY  FOR  IN- 
CORPORATION OF  PCM  INTO  RESIDENTIAL 
BUILDING  MATERIALS  FOR  BUILDING 
HEATING 

RFP 
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DEVELOPMENT  OF  OPTIMUM  PROCESS  FOR  EB 
CROSSLINKING  OF  HDPE  TES  PELLETS 

CONTRACTOR 

UNIVERSITY  OF  DAYTON 

OBJECTIVE 

• DEVELOP  AN  OPTIMUM  EB  PROCESS  FOR 
CROSSLINKING  COMMERCIALLY  AVAILABLE 
HDPE  PELLETS  TO  OBTAIN  THE  HIGHEST 
HEAT  OF  FUSION 

APPROACH 

• TEST  VARIOUS  HDPE  PELLETS  PREPARED 
UNOER  DIFFERENT  IRRADIATION  CONDITIONS 

STATUS 

• THE  OPTIMUM  PROCESS  HAS  BEEN  IDENTIFIED 

DOSE  OF  8 MEGARADS 
DUPONT  7040  HDPE 

• A 250-LB  BATCH  OF  PELLETS  IS  PREPARED 
FOR  EVALUATION  BY  THE  UNIVERSITY  OF 
DAYTON 

• PHASE  CHANGE  TEMPERATURE  OF  PELLETS 
130-145°C 

• COST  OF  CROSSLINKING  OF  PELLETS  W/LB 


TES  SUBSYSTEMS  FOR  SOLAR  HEATING  APPLICATIONS 


CONTRACTOR 

GENERAL  ELECTRIC 
OBJECTIVE 

• DEVELOP  THE  ROLLING  CYLINDER  HEAT  STORAGE 
CONCEPT  USING  GLAUBERS  SALT 

approach 

• INTERNAL  AND  EXTERNAL  HEAT  TRANSFER  STUDIES 

• PERFORMANCE  TESTING  WITH  GLAUBERS  SALT 

• CORROSION  TESTING 

• DEVELOPMENT  OF  MATHEMATICAL  MODEL 

• SELECTION  AND  DESIGN  OF  CONCEPT 
STATUS 

• SELECTED  PROTOTYPE  DESIGN  OF  THE  ROLLING 
CYLINDER  CONCEPT 

• RECOMMENDED  CONFIGURATION  AS  FOLLOWS 
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DEVELOPMENT  OF  TECHNOLOGY  FOR  INCORPORATION 
OF  PCM  INTO  RESIDENTIAL  BUILDING  MATERIALS 


OBJECTIVE 

• IMPROVEMENT  OVER  SENSIBLE  HEAT  SYSTEMS 

REDUCED  WEIGHT,  VOLUME 

FLATTENED  DIURNAL  TEMPERATURE  SWING 

INCREASED  ARCHITECTURAL  OPTIONS 

APPROACH 

• SOLICIT  PROPOSALS  VIA  RFP 
SCOPE 

• SURVEY  TO  DEVELOP  THERMAL  COMFORT  CRITERIA 

• R&D  PROGRAM  UTILIZING  PROMISING  CONCEPTS 

• EVALUATION  TESTING 

SCHEDULE 

• ISSUE  RFP  BY  OCTOBER  '80 


TES  APPLIED  TO  CONSERVATION  IS  THE  THIRD 

PROGRAM  ELEMENT 

FY  79  SUBCONTRACTS 

• APPLICATION  OF  TES  TO  PROCESS  HEAT  AND 
WASTE  HEAT  RECOVERY  IN  THE  ALUMINUM 
INDUSTRY* 

ROCKET  RESEARCH  COMPANY 

• TWIN  CITIES  DISTRICT  HEATING,  TES  STUDY 

GENERAL  ELECTRIC 

FY  80  SUBCONTRACTS 

• APPLICATION  ANALYSIS  AND  TECHNOLOGY 
ASSESSMENT  OF  TES  FOR  CONSERVATION 
APPLICATIONS 

TRW 

• APPLICATION  OF  TES  TO  PROCESS  HEAT  AND 
WASTE  HEAT  RECOVERY  IN  THE  ALUMINUM 
INDUSTRY  (PHASE  ID* 

ROCKET  RESEARCH  COMPANY 
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TWIN  CITIES  DISTRICT  HEATING 


CONTRACTOR 

GENERAL  ELECTRIC 
OBJECTIVE 

• EVALUATE  THE  TECHNICAL  AND  ECONOMIC 
FEASIBILITY  OF  INCORPORATING  TES 
COMPONENTS  INTO  THE  PROPOSED  TWIN 
CITIES  DISTRICT  HEATING  PROJECT 


STATUS 

• THIS  ACTIVITY  HAS  BEEN  COMPLETED 

• POTENTIAL  BENEFITS  ARE  FOUND  TO  BE 
SUBSTANTIAL  IN 

ENERGY  CONSERVATION 
FAVORABLE  ECONOMICS 
REDUCED  AIR  AND  THERMAL  POLLUTION 

• FINAL  REPORT  IN  PUBLICATION 


APPLICATION  ANALYSIS  AND  TECHNOLOGY 
ASSESSMENT  OF  TES 


CONTRACTOR 

TRW 

OBJECTIVE 

• INVESTIGATE  TES  SYSTEMS  PERFORMANCE. 
ENERGY  CONSERVATION  AND  ECONOMICS 
FOR 

- INCREASED  THERMAL  CAPACITANCE 
WITHIN  RESIDENTIAL  STRUCTURES 

- STORAGE  FOR  WASTE  HEAT  RECOVERY 
AND  USE  FROM  FLUE  GASES  OF 
RESIDENTIAL  FOSSILE  FUELED 
FURNACES 

SCOPE 

• DEVELOP  TES  SYSTEMS  BASELINES 

• ANALYZE  FOR  SEASONAL  IMPACT  IN  VARIOUS 
REGIONS  OF  THE  COUNTRY 

• ESTIMATE  MARKET  PENETRATION 

• ESTIMATE  FUEL  CONSERVATION 
SCHEDULE 

• EFFORT  IS  JUST  STARTED 
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IN-HOUSE  ACTIVITIES  RELATED  TO  TES  FOR  BUILDING  HEATING  AND  COOLING 


Bob  Kedl 

Oak  Ridge  National  Laboratory 

IN-HOUSE  EFFORTS  CONCENTRATED 
IN  2 AREAS 


1.  R&D  RELATED  TO  TES 

2.  EVALUATION  OF  STORAGE  SYSTEMS 
DEVELOPED  BY  OTHERS 

IN-HOUSE  EFFORTS  CONSIST  OF  4 PROJECTS 

1.  THERMAL  ENERGY  STORAGE  TEST  FACILITY 

2.  TES  LABORATORY 

3.  ANALYTICAL  AND  PHYSICAL  MODELING  (PCM's) 

4.  TES  AND  TRANSPORT  IN  THE  EARTH  FOR 
HEAT  PUMP  ASSIST 
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THERMAL  ENERGY  STORAGE  TEST  FACILITY 
(TEST  FACILITY) 


OBJECTIVES: 

R&D  RELATED  TO  TES 

EVALUATION  OF  TES  UNITS  BUILT  BY  OTHERS 
EVALUATION  OF  TESTING  STANDARDS 

PROJECT  DESCRIPTION: 

FABRICATE  LIQUID  TRANSPORT  TEST  FACILITY 
FOLLOWED  BY  AIR  TRANSPORT  TEST  FACILITY 
SPECIFICATIONS 


LIQUID  AIR 

CAPACITY  50,000-500,000  Btu  50,000-500,000  Btu 
TEMPERATURE  0-150°C  0-(TBD)°C 

CONSIDERABLE  OPERATIONAL  FLEXIBILITY 


TEST  FACILITY  (CONT'D) 


STATUS: 

LIQUID  LOOP 

DETAILED  DESIGN  COMPLETE 
COMPONENTS  ORDERED 
OPERATIONAL  - MARCH  1980 

AIR  LOOP 

DESIGN  INITIATED 
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THERMAL  ENERGY  STORAGE  TEST  FACILITY 
(LIQUID  TRANSPORT) 


TEST  FACILITY  (CONT'D) 

FUTURE  PLANS: 

LIQUID  LOOP 

STRATIFIED  WATER  STORAGE 
PCM  STORAGE  UNITS  (RFP) 

AIR  LOOP 

PCM  STORAGE  UNITS  (RFP) 
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TES  LABORATORY 


OBJECTIVE: 

• CONDUCTING  SPECIAL  TESTS  AND  EVALUATIONS 
IN  SUPPORT  OF,  AND  COMPLIMENTARY  TO  THE 
TEST  FACILITY 

PROJECT  DESCRIPTION: 

• GENERAL  PURPOSE  LABORATORY  FOR  SPECIAL 
TESTS  ON  SMALL  QUANTITIES  OF  TES  MODULES 

• ACCELERATED  AGING  TESTS  (e.g.  CYCLING) 

• EXPOSURE  TO  OFF-DESIGN  STRESSES 
(e.g.  EXTREMES  IN  TEMPERATURE) 

• OTHER  TESTS  SPECIFIC  TO  THE  TES  CONCEPT 

• CALORIMETRY  ON  SINGLE  MODULES 

• R&D  RELATED  TO  TES 


TES  LABORATORY  (CONT'D) 


STATUS: 

GETTING  UNDERWAY 

SOME  LABORATORY  INSTRUMENTS 
INSTALLED 

TESTING  UNDERWAY  ON 

UNIVERSITY  OF  DELAWARE 
CHUBS 

GLASS  BLOCKS  CONTAINING 
CaCI2-6H20 
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ANALYTICAL  AND  PHYSICAL  MODELING  (PCM's) 


OBJECTIVE: 

TO  UNDERSTAND  AND  DEVELOP  PREDICTIVE 
CAPABILITY  FOR  THERMAL  TRANSPORT  IN 
PCM  STORAGE  SYSTEMS 


APPROACH: 

DEVELOP  MATH  MODELS  FOR  DYNAMIC  THERMAL 
BEHAVIOR  OF  MELTING/FREEZING  SYSTEMS 

OPERATE  PHYSICAL  MODELS  TO  TEST  AND 
IMPROVE  MATH  MODEL 


ANALYTICAL  AND  PHYSICAL  MODELING 
(CONT'D) 


RESULTS  TO  DATE: 

MATH  MODEL  BASED  ON  CONDUCTION  IS 
OPERATIONAL,  CONFIRMED,  AND 
DOCUMENTED 

PHYSICAL  MODEL  (SLAB  GEOMETRY) 
OPERATED  IN  CONDUCTION  AND 
NATURAL  THERMAL  CONVECTION 
MODES  - EXTENSIVE  DATA  COLLECTED  - 
DOCUMENTATION  FORTHCOMING 
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TEMPERATURE  (°C) 


PHYSICAL  MODEL  (SLAB  GEOMETRY) 


7MAY  14:41:56:18  FRZ.  FILLED  CELL  1&2&3 


TIME  (min) 
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(d0)  1 


ANALYTICAL  AND  PHYSICAL  MODELING  (PCM's) 


FUTURE  PLANS: 

PHYSICAL  MODEL  WILL  BE  USED  TO  QUANTIFY 
EFFECTS  OF  NATURAL  THERMAL  CONVECTION 

MATH  MODEL  WILL  BE  MODIFIED  TO  INCLUDE 
EFFECTS  OF  NATURAL  THERMAL  CONVECTION 

EXISTING  MATH  MODEL  WILL  BE  USED  TO  STUDY 
THERMAL  TRANSPORT  IN  PCM  STORAGE  SYSTEMS 

UNIVERSITY  OF  DELAWARE  CHUBS 

PASSIVE  SOLAR  APPLICATIONS  (TROMBE 
WALLS  CONTAINING  PCM's) 

SURFACE  TEMPERATURE  OF  CHUBS 
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TES  AND  TRANSPORT  IN  THE  EARTH  FOR  HEAT 
PUMP  ASSIST 


OBJECTIVE: 

DEVELOP  AND  DEMONSTRATE  A CONCEPT  THAT 
UTILIZES  HEAT  STORED  IN  THE  EARTH  UNDER  A 
HOME  TO  IMPROVE  THE  PERFORMANCE  OF  HEAT 
PUMPS 

BACKGROUND: 

UNIVERSITY  OF  TENNESSEE  FIELD  EXPERIMENT 
INDICATES  POSSIBLE  ENERGY  SAVINGS  OF  25% 

PROJECT  DESCRIPTION  (3  EXPERIMENTS): 

1.  MEASURE  EFFECTIVE  THERMAL  CONDUCTIVITY 
OF  WET  SOIL  (LABORATORY) 

2.  MEASURE  THERMAL  TRANSPORT  FROM  GROUND 
TO  AIR  IN  CRAWL  SPACE 

3.  FIELD  TEST  INVOLVING  EXISTING  HOME 
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THERMAL  ENERGY  STORAGE  TESTING  FACILITY 


R.  J.  Schoenhals,  H.  F.  Kuehlert,  and  C.  P.  Lin 
Purdue  University 

PROJECT  OUTLINE 


Project  Title:  Operation  of  a Storage  Heater  Test  Facility 

Principal  Investigator:  J.  Asbury 

Organization:  Argonne  Nati onal  Laboratory 

9700  South  Cass  Avenue 
Argonne,  IL  60439 
Telephone:  (312)  972-3779 

Project  Goals:  Determine  the  thermal  performance  of  resistance  storage 

heaters  in  respect  to  current  standards.  Propose 
additional  standards  as  appropriate. 

Design  and  construct  a storage  heater  test  facility  at 
Purdue  University  with  capability  for  measuring  the 
performance  of  electric  resistance  heated  storage  units. 
Compare  performance  of  commercial  units  based  on  existing 
standards.  Propose  additional  performance  standards  as 
appropri ate. 

Project  Status:  Calorimeter  construction  is  completed,  and  testing 

procedures  are  being  prepared.  Tests  of  storage  heaters 
are  in  progress. 

Contract  Number:  31-109-38-4666 

Contract  Period:  October,  1978  to  September,  1980 

Funding  Level : $ 1 00K 

Funding  Source:  Argonne  National  Laboratory 
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THERMAL  ENERGY  STORAGE  TESTING  FACILITY* 


R.J.  Schoenhals,  H.F.  Kuehlert,  and  C.P.  Lin 
Purdue  University 

SUMMARY 

Development  of  a prototype  testing  facility  for  electrically  heated  thermal 
energy  storage  units  is  being  pursued.  Test  procedures  are  being  evaluated  and 
verified  by  means  of  simultaneous  redundant  measurements  and  analysis.  The 
quality  of  measurements  obtained  with  the  use  of  a calibrated  calorimeter 
chamber  has  been  improved.  Testing  of  commercially  available  units  is  being 
performed,  and  experience  gained  in  this  activity  will  be  used  to  further  refine 
and  substantiate  the  test  procedures  being  formulated. 

INTRODUCTION 

This  project  deals  with  the  development  of  a facility  for  testing  of  resi- 
dential electrically  heated  thermal  energy  storage  (TES)  units.  Experiments 
are  presently  being  conducted  with  devices  which  utilize  high  heat  capacity 
ceramic  bricks  as  the  energy  storage  medium.  Large  central  units  are  now  avail- 
able for  replacing  conventional  residential  furnaces.  Also  on  the  market  are 
small  self-contained  room-size  units  which  avoid  the  necessity  for  ductwork  and 
a central  air  handling  system. 

Energy  charging  of  these  devices  occurs  at  night  using  less  expensive  off- 
peak  electrical  energy.  During  this  period  the  electrical  heaters  inside  the 
unit  are  activated,  heating  the  ceramic  bricks  to  a high  temperature.  Air  then 
is  caused  to  flow  over  the  bricks  intermittently  throughout  the  day  and  evening 
as  required  to  maintain  the  residence  air  temperature.  The  air  flowing  over 
the  bricks  is  heated  during  this  process,  and  the  bricks  are  correspondingly 
cooled  so  that  their  temperature  level  is  eventually  lowered  thus  preparing 
them  for  acceptance  of  another  energy  charge  during  the  next  night-time  period. 

Use  of  off-peak  electrical  energy  with  TES  systems  makes  it  possible  for 
a utility  to  increase  its  total  energy  output  with  a given  quantity  of  generat- 
ing capacity.  With  fewer  customers  drawing  appreciable  amounts  of  energy  during 
the  day,  the  daily  peak  is  reduced.  Concurrently,  the  usual  decrease  in  load 
at  night  is  reduced  as  more  customers  draw  energy  during  this  period  for  charg- 
ing of  TES  units.  This  concept  has  been  in  use  in  some  areas  in  Europe  for 
several  years.  More  recently  it  has  been  introduced  in  the  U.S.  on  a small 
scale,  mostly  on  an  experimental  basis  by  certain  utilities  with  a limited 
number  of  customers.  As  a result,  field  test  data  are  being  collected  by  a 


* This  project  is  supported  by  Argonne  National  Laboratory,  Energy  and  Environ- 
mental Systems  Division,  Special  Projects  Group,  under  Contract  No.  31-109-38- 
4666. 
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number  of  organizations,  including  the  utilities  themselves,  the  Electric  Power 
Research  Institute  and  Argonne  National  Laboratory. 

Although  electrically  heated  TES  units  are  now  on  the  market  in  the  U.S., 
standard  performance  testing  procedures  have  not  yet  been  established  in  this 
country.  Available  information  which  can  assist  in  the  development  of  such 
procedures  includes  a German  Standard,  DIN  44572,  which  has  been  established 
specifically  for  electrically  heated  TES  units,  within  the  U.S.  a standard  has 
been  established  for  testing  of  other  types  of  TES  units  by  the  American  Society 
of  Heating,  Refrigerating  and  Air  Conditioning  Engineers  (ASHRAE) , ASHRAE 
Standard  94-77.  Both  of  these  documents  have  been  quite  helpful  in  guiding  the 
present  work. 

Currently  ASHRAE  Standards  Project  Committee  94A  is  in  the  process  of  writ- 
ing descriptions  of  standard  test  procedures  for  electrically  heated  TES  units. 
Simultaneously,  experimental  and  analytical  work  is  being  pursued  in  this 
project  in  order  to  assist  ASHRAE  in  its  effort.  Personnel  of  Argonne  National 
laboratory  and  Oak  Ridge  National  Laboratory  provide  coordination  by  maintaining 
contact  with  ASHRAE  Committee  94A  and  by  monitoring  the  activities  conducted  in 
this  project. 


GENERAL  DESCRIPTION  OF  THE  PROJECT 

The  objective  of  this  project  is  the  development  of  a prototype  TES  testing 
facility  that  can  be  duplicated  at  established  commercial  or  government  labora- 
tories, or  at  TES  manufacturers'  R & D laboratories.  In  addition  to  defining 
the  characteristics  of  the  test  apparatus,  appropriate  test  procedures  are  to  be 
defined  and  verified.  The  goal  is  to  achieve  the  type  of  facility  and  associated 
methods  that  can  be  easily  and  economically  used  elsewhere.  Thus,  simplicity  is 
desired,  as  opposed  to  tests  which  would  be  elaborate,  expensive  and  time  con- 
suming. Complexity  is  reluctantly  added  only  when  the  simplest  procedures  fail 
to  yield  results  of  sufficient  accuracy. 

Quantities  to  be  identified  by  tests  conducted  with  a particular  TES  unit 
include  total  energy  charge,  heat  loss  during  charging  and  standby,  and 
rate  of  delivery  of  energy  during  discharge.  For  the  larger  central  units  the 
rate  of  energy  delivery  can  be  calculated  after  measuring  the  air  flow  rate 
through  the  device  and  the  temperature  difference  between  the  inlet  and  outlet 
air.  This  type  of  test  can  be  performed  with  the  unit  placed  in  a typical 
laboratory  setting.  Heat  losses  are  not  measured  directly  in  this  case,  but 
uniformity  can  be  obtained  from  test  to  test  by  requiring  that  the  laboratory 
air  temperature  be  maintained  within  a specified  range. 

Certain  advantages  are  obtained  by  testing  the  smaller  room-size  units 
inside  a calibrated  calorimeter  chamber.  Once  the  chamber  has  been  properly 
calibrated  the  heat  loss  from  a TES  unit  during  charging  and  standby  and  the  rate 
of  energy  delivery  during  discharge  can  be  determined  by  measuring  the  inlet  to 
outlet  air  temperature  difference  across  the  chamber.  Measurement  of  the  air 
flow  rate  through  the  chamber  is  not  required  either  during  calibration  or  during 
the  test  of  the  TES  unit,  according  to  the  German  Standard  DIN  44572. 

In  this  project  various  test  methods  are  being  studied  both  experimentally 
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and  analytically.  Simultaneous  redundant  measurements  are  made  where  possible 
in  order  to  establish  the  validity  of  the  procedures.  For  example,  although 
the  calorimeter  method  does  not  require  a direct  measurement  of  the  air  flow 
rate,  a standard  nozzle  has  been  installed  for  this  purpose  in  order  to  provide 
an  independent  determination  of  the  heat  loss  from  the  calorimeter  chamber. 

Also,  electrical  input  energy  during  charging  of  a TES  unit  is  determined  by 
3 techniques:  (1)  by  use  of  a calibrated  watt-hour  meter,  (2)  by  means  of  a 

conventional  wattmeter  and  (3)  by  electrically  integrating  the  signal  from  a 
watt  transducer.  By  making  these  additional  measurements  it  is  possible  to 
learn  more  about  the  magnitudes  of  the  quantities  of  interest  and  to  verify  the 
accuracy  and  precision  with  which  they  can  be  determined  from  the  measurements. 
It  is  hoped  that  once  this  kind  of  verification  has  been  accomplished  in  this 
project,  eventual  recommended  test  procedures  will  involve  the  smallest  number 
of  straightforward  measurements  possible  for  meaningful  determinations  of  the 
quantities  of  interest. 

Figure  1 contains  a photograph  showing  one  of  the  large  central  TES  units 
(foreground)  and  the  calorimeter  chamber  which  has  been  fabricated  for  testing 
of  the  room-size  units.  The  blower  which  draws  air  through  the  chamber  is  on 
the  left.  Air  enters  the  chamber  on  the  right.  Figure  2 shows  the  opposite 
side  of  the  chamber.  Some  of  the  instrumentation  can  be  seen  in  this  view  as 
well  as  a small  TES  unit  which  is  ready  for  installation  in  the  chamber  for 
testing. 

RESULTS  AND  DISCUSSION 

The  calorimeter  chamber  was  designed  and  fabricated  to  keep  heat  losses 
small.  The  chamber  walls  and  door  are  lined  on  the  inside  with  a layer  of 
Styrofoam  approximately  10  cm  thick.  The  outlet  consists  of  a flaired  rectangu- 
lar section  which  is  followed  by  a duct  of  round  cross-section.  The  round 
portion  is  well  insulated  on  the  outside  with  glass  wool.  A schematic  diagram 
of  the  essential  features  of  the  system  illustrating  the  various  energy  flow 
rates  is  given  in  Figure  3.  Both  analysis  and  measurements  indicate  that  the 
heat  loss  from  the  chamber  and  from  the  outlet  duct  is  typically  about  15%  of 
the  heat  delivered  to  the  interior  of  the  chamber  by  the  heating  unit. 

For  purposes  of  calibration  an  electrical  heater  is  installed  inside  the 
chamber  and  operated  under  steady  state  conditions.  The  rate  at  which  heat 
is  delivered  to  the  interior  of  the  chamber  is  then  equal  to  the  measured  rate 
at  which  electrical  energy  is  supplied  to  the  heater.  The  blower  which  draws 
air  slowly  through  the  chamber  is  operated  at  various  speeds,  and  the  inlet  to 
outlet  temperature  rise  is  recorded.  Plots  of  these  measurements,  as  shown 
in  Figure  4,  constitute  a calibration  of  the  calorimeter  system. 

Figure  5 shows  the  inlet  to  outlet  temperature  difference  during  and  after 
the  charging  process  for  an  actual  test  of  a 2kW  TES  unit  which  is  now  on  the 
market.  Since  the  internal  blower  within  this  unit  was  not  operated  during  the 
test  the  results  indicate  heat  losses  during  charging  and  standby.  Initially 
the  unit  was  at  room  temperature,  but  as  electrical  energy  was  supplied  its 
internal  temperatures  rose,  and  heat  transfer  from  the  unit  to  the  air  inside 
the  chamber  increased  as  indicated  by  the  inlet  to  outlet  air  temperature 
difference.  After  8 hours  of  charging  the  electrical  input  was  terminated, 
and  the  rate  of  heat  loss  from  the  unit  to  the  air  gradually  decreased. 
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Figure  1. 


Central  TES  Unit  (Foreground)  and  Calorimeter 
Chamber  for  Testing  of  Room-Size  TES  Units 


Figure  2.  View  of  Calorimeter  Chamber  from  Opposite  Side 
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Time  After  Start  of  Heating  (hr) 

Figure  5.  Measured  Inlet  to  Outlet;  Temperature  Difference  During  and  After 
an  8 Hour  Charging  Period  for  a 2KW  TES  Unit  (Calorimeter  Blower 
Speed  = 850  rpm) 


For  any  instant  of  time  the  temperature  difference  from  Figure  5 can  be 
used  with  the  calibration  chart  in  Figure  4 to  determine  the  rate  at  which  the 
heating  unit  under  test  delivered  heat  to  the  air  inside  the  calorimeter.  This 
procedure  provides  correct  results  under  the  following  assumptions : 

1.  The  net  enthalpy  outflow  rate  for  the  air,  as  indicated  by  the  measured 
temperature  difference  during  the  test,  is  the  same  as  that  occuring  during  the 
calibration  test  at  the  same  measured  temperature  difference. 

2.  The  heat  loss  from  the  calorimeter  system  to  the  surroundings  during 
the  test  is  the  same  as  that  occuring  during  the  calibration  test  at  the  same 
measured  temperature  difference. 

3.  The  rate  of  change  of  internal  energy  of  the  chamber  and  the  air 
contained  inside  is  negligible  during  the  test. 

The  procedure  indicated  above  is  very  desirable  because  of  its  simplicity. 
However,  the  assumptions  listed  raise  questions  about  the  validity  and  accuracy 
of  the  results  obtained.  Therefore,  these  aspects  are  being  evaluated  during 
the  course  of  this  project. 

In  regard  to  assumption  1 it  should  be  pointed  out  that  typically  there 
are  air  temperature  variations  over  the  outlet  duct  cross-section.  Because  of 
this  a thermopile,  consisting  of  20  pairs  of  thermocouples  connected  in  series, 
is  employed  with  alternate  junctions  placed  in  the  inlet  duct  and  outlet  duct, 
respectively.  The  inlet  duct  has  a rectangular  cross-section  and  the  outlet 
duct  has  a round  cross-section.  Locations  of  the  thermocouples  in  the  ducts  are 
indicated  in  Figure  6,  (a)  and  (b) . Figure  6 (c)  illustrates  the  series  arrange- 
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Figure  6.  Thermocouple  Arrangement:  (a)  Inlet  Duct,  (b)  Outlet  Duct 

and  (c)  Thermopile  Formed  by  Series  Arrangement  of 
Thermocouples 


ment  of  the  thermocouple  pairs.  With  this  procedure  the  voltage  output  indicates 
essentially  the  difference  between  the  average  inlet  and  average  outlet  air 
temperatures  (averages  taken  over  the  duct  cross-sections). 

On  a rigorous  basis  the  enthalpy  flow  rate  for  the  outlet  air  is  indicated 
by  the  mixed  mean  temperature,  which  depends  upon  the  temperature  profile  and 
the  velocity  profile  in  the  outlet  duct.  The  velocity  profile  is  unknown,  un- 
less very  detailed  velocity  measurements  are  made  within  the  duct  to  determine 
it.  In  general  the  mixed  mean  temperature  is  not  equal  to  the  average  temper- 
ature, but  these  two  temperatures  approach  each  other  as  the  air  temperature 
over  the  cross-section  becomes  more  uniform,  no  matter  what  the  velocity  profile 
may  be.  The  room  air  entering  the  calorimeter  has  a uniform  temperature,  so 
this  condition  is  achieved  in  the  inlet  duct.  However,  initial  operation  of 
the  chamber  revealed  sizable  temperature  variations  within  the  air  in  the  outlet 
duct.  Temperature  variations  within  the  outlet  duct  cross-section  as  high  as 
53%  of  the  average  inlet  to  outlet  temperature  difference  were  detected  by 
means  of  individual  thermocouples  placed  at  the  locations  of  the  thermopile 
thermocouples.  The  air  in  the  chamber  and  in  the  duct  apparently  stratifies 
due  to  buoyancy,  and  the  warmer  and  cooler  portions  of  the  air  tend  to  remain 
separated  as  they  move  through  the  outlet  duct.  Under  these  conditions  the 
measured  average  inlet  to  outlet  temperature  difference  is  not  guaranteed 
to  represent  the  net  enthalpy  flow  rate  accurately,  because  of  the  possible 
deviation  between  the  average  and  mixed  mean  outlet  temperatures.  Hence, 
such  measurements  are  not  considered  acceptable. 

In  order  to  obtain  a more  nearly  uniform  outlet  air  temperature  baffles 
were  installed  in  the  chamber  in  an  attempt  to  create  a more  uniform  temperature 
for  the  air  entering  the  outlet  duct.  This  produced  a small  improvement. 

Mixing  louvers  placed  at  the  entrance  to  the  outlet  duct  unfortunately  were 
found  to  produce  no  improvement.  However,  a more  carefully  designed  set  of 
mixing  louvers  was  installed  further  downstream  in  the  duct,  and  the  duct  was 
lengthened  to  allow  a greater  distance  for  mixing.  The  53%  difference  referred 
to  above  was  reduced  to  only  5%  with  this  re-designed  system,  at  the  same  heat- 
ing rate  and  air  flow  rate.  The  deviation  between  the  average  and  mixed  mean 
outlet  temperatures  is  estimated  to  be  only  about  1%  of  the  average  inlet  to 
outlet  temperature  difference.  This  is  considered  quite  satisfactory,  but 
work  is  continuing  on  this  problem  to  see  if  the  present  arrangement  will  be 
effective  over  the  ranges  of  heating  rate  and  flow  rate  to  be  encountered. 

FUTURE  WORK 

Efforts  will  continue  to  be  devoted  to  reducing  inaccuracies  and  verifying 
the  test  procedures  and  apparatus  being  developed.  Commercially  available  room- 
size  units  of  different  sizes  are  being  tested,  and  the  calorimeter  chamber 
system  and  the  associated  test  procedures  will  be  refined  as  this  experience  is 
accumulated.  Testing  of  central  units  will  proceed  simultaneously,  first  in  a 
conventional  laboratory  environment  and  eventually  in  an  environmentally 
controlled  chamber  in  order  to  determine  how  significant  the  ambient  air  temp- 
erature is  in  affecting  the  test  results.  If  test  results  are  found  to  be  not 
very  sensitive  to  the  ambient  air  temperature,  a severe  specification  for  the 
ambient  air  temperature  can  be  avoided  in  the  eventual  recommended  standard 
test  procedure  for  these  units. 
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APPLICATION  OF  THERMAL  ENERGY  STORAGE  TO  PROCESS  HEAT 


RECOVERY  IN  THE  ALUMINUM  INDUSTRY 
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Project  Title:  Aluminum  Waste  Heat  for  Bellingham  District  Heating 
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Telephone:  (206)  885-5000 

Project  Goals:  Assess  the  economic  viability  and  public  acceptance  of  a 

district  heating  system  in  Bellingham,  Washington 

Conduct  a review  of  the  technological  impact  on  the  Italco 
aluminum  plant. 

Evaluate  other  thermal  energy  sources  for  back-up. 

Evaluate  institutional  considerations. 

Perform  a detailed  system  cost  analysis. 

Project  Status:  All  tasks  are  proceeding  on  schedule  with  no  significant 

results  to  date. 
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PROJECT  SUMMARY 


ORGANIZATION:  Rocket  Research  Company  - Prime  Contract 

Subcontractors  to  RRC: 

Trans  Energy  Systems  - District  Heating 
System  Installation 

Ekono  Oy  - District  Heating  System  Design 
Martin-Simonds  Associates  - Community 
Relations  Consultants 

Bechtel  Corporation  - A & E Consultant  for 
Intalco  Plant 


ADDRESS:  York  Center 

Redmond,  Washington  98052 

PROJECT  TITLE:  Application  of  Thermal  Energy  Storage  to  Process 

Heat  and  Waste  Heat  Recovery  in  the  Aluminum 
Industry 


PROJECT  MANAGER:  J.  E.  McCabe  TELEPHONE  NO.:  (206)  885-5000 

CONTRACT  NO.:  86Y4253C  CONTRACT  PERIOD:  4/1/79  - 9/30/80 

CONTRACT  AMOUNT:  $1,014,653 

PROJECT  GOALS: 

The  goals  of  this  project  are  to  assess  the  economic  viability 
and  the  institutional  compatability  of  a district  heating  system 
in  the  city  of  Bellingham,  Washington,  and  to  determine  the 
technical  and  economic  advantages  of  using  thermal  energy  storage 
methods . 

PROJECT  STATUS: 

The  project  is  currently  in  the  ninth  month  of  an  eighteen  month 
program.  The  waste  heat  streams  at  the  aluminum  plant  that  will 
provide  the  energy  for  the  district  heating  system  have  been 
characterized  and  the  energy  demand  of  the  district  heating 
system  service  area  has  been  defined.  A comparative  evaluation 
of  the  technical  and  economic  features  of  three  thermal  energy 
storage  methods  will  be  initiated  this  month.  Energy  storage,  in 
the  form  of  hot  water,  will  allow  greater  use  of  the  constant 
energy  supply  by  the  variable  energy  demand.  The  thermal  storage 
methods  to  be  evaluated  include:  1)  a confined  aquifer,  2)  an 

abandoned  coal  mine  located  beneath  the  city  of  Bellingham,  and 
3)  an  above  ground,  insulated  metallic  tank. 
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I . PURPOSE 

This  project  is  directed  toward  determining  the  economic 
viability  and  institutional  compatability  of  a district  heating 
system  that  uses  waste  heat  from  an  aluminum  plant  as  the  source 
of  thermal  energy.  The  project  has  been  designed  to  show  how 
existing  energy  storage  techniques  can  enhance  the  utility  of  low 
temperature  waste  streams.  This  project  will  provide  technical 
and  economic  comparisons  of  energy  storage  in  confined  aquifers, 
in  an  abandoned  coal  mine,  and  in  above-ground,  insulated, 
metallic  storage  tanks. 


II.  BACKGROUND 

Under  a Department  of  Energy  (DOE)  Contract,  Rocket  Research 
Company  has  investigated  the  use  of  aluminum  process  reject  heat 
as  a source  of  energy  for  large  scale  district  heating.  During 
Phase  I of  a multi-phased  program,  RRC  conducted  a preliminary 
evaluation  of  a district  heating  network  for  the  City  of  Belling- 
ham, Washington,  with  reject  heat  recovered  from  the  Intalco 
Aluminum  Corporation  plant  located  in  Ferndale,  Washington.  The 
baseline  District  Heating  System  is  a network  of  cloged-loop  hot 
water  pipes  that  recover  energy  at  approximately  250  F from  the 
fume  hood  ducts  at  Intalco  and  transmits  the  energy  to  a rela- 
tively high  density  commercial/residential  population  center  for 
space  and  hot  water  heating.  Results  of  the  tradeoff  studies 
conducted  during  Phase  I show  that  the  District  Heatinq  System 
concept  is  both  technically  and  economically  attractive  because 
the  system  design  concept  is  based  on  existing  technology  and 
implementation  of  the  concept  will  be  economically  competitive 
with  existing  systems  using  conventional  fossil  fuels. 

RRC  estimates  that  approximately  40  percent  of  the  low  quality 
heat  generated  at  Intalco  which  is  presently  unuseable,  could  be 
effectively  applied  to  space  and  hot  water  heating  in  the  city  of 
Bellingham  by  means  of  a district  heating  system  to  serve  as  many 
as  20,000  residences  and  commercial  buildings.  If  this  energy 
recovery  was  realized  from  all  of  the  nations'  aluminum  plants,  a 
savings  equivalent  to  six  to  eleven  million  barrels  of  oil  could 
be  realized  annually.  By  the  year  2000,  the  cost  of  this  energy 
is  projected  to  be  about  one  quarter  that  of  conventional  energy 
sources . 

Because  the  viability  of  a District  Heating  System  in  Bellingham 
is  largely  dependant  on  cost  and  institutional  considerations. 
Phase  II  of  the  program  is  presently  addressing  these  areas  so 
that  the  necessary  level  of  confidence  can  be  established  prior 
to  a major  commitment  of  funds.  As  part  of  this  Phase  II  effort, 
RRC  is  also  conducting  the  following  technical  and  economic 
evaluations : 
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1)  seasonal  storage  of  hot  water  in  an  abandoned  coal 
mine  below  the  city  of  Bellingham  and  in  confined 
aquifers , 

2)  integration  of  waste  energy  streams  from  nine  local 
facilities  (oil  refineries,  wood  and  paper  mill, 
cement  plant,  etc.)  with  the  District  Heating  System, 

3)  determining  the  impact  on  the  Intalco  facility  when 
it  is  integrated  with  the  District  Heating  System, 
and, 

4)  assessment  of  the  state  of  development  of  district 
heating  system  equipment. 


III.  PROJECT  DESCRIPTION 

The  project  has  been  organized  into  five  major  tasks.  These 
tasks  are  described  in  the  following  paragraphs. 

Task  I is  a marketing  analysis  effort  which  is  directed  toward 
characterizing  the  potential  market  in  terms  of  energy  demand, 
peak  loads,  scope  of  system  conversions  required,  etc. , and  an 
assessment  of  the  rate  at  which  subscribers  will  join  the  utility. 

Task  II  is  a technology  review  that  is  concerned  with  three 
specific  areas:  1)  the  impact  on  the  Intalco  facility  when  it 

is  integrated  with  the  district  heating  system,  2)  the  technical 
and  economic  comparison  of  hot  water  storage  in  confined  aquifers, 
in. an  abandoned  coal  mine  and  in  metallic,  insulated  tanks,  and 
3)  an  assessment  of  the  technological  status  of  district  heating 
system  equipment. 

Task  III  will  evaluate  the  feasibility  of  utilizing  energy  waste 
streams  from  9 facilities  in  the  area  (2  oil  refineries,  a paper 
mill,  cement  plant,  etc.)  to  increase  and/or  supplement  the 
energy  capability  of  the  district  heating  system. 

Task  IV  is  concerned  with  the  legal,  political  and  social  con- 
straints that  collectively  are  referred  to  as  institutional 
considerations.  Included  will  be  evaluation  of  the  various 
public  and  private  entities  that  can  own,  market,  store,  sell, 
distribute,  and  manage  a district  heating  utility.  Items  to  be 
considered  in  the  evaluation  include:  financing,  taxation, 

regulations  and  permits,  rate  making,  environmental  considerations, 
right  of  way  acquisition,  contracts  with  energy  supplier  and  user, 
impact  on  existing  utilities,  and  DHS  liability. 

Task  V,  the  system  cost  analysis  effort,  will  definitize  the  design 
of  the  district  heating  system  to  the  level  which  will  permit  a 
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detailed  cost  estimate  to  be  made  for  building  and  operating  the 
system.  Evaluations  will  then  be  made  of  the  different  owner- 
ship structures  and  the  financing  options  available  to  each 
ownership  structure.  System  design  and  operating  information, 
construction  schedules,  ownership  and  financing  options  will  all 
be  included  in  computer  programs  that  will  permit  the  sensitivity 
evaluation  of  all  technical  and  economic  factors  so  that  the 
program  can  be  optomized  for  various  criteria,  i.e.,  minimum  rate 
to  consumer. 


IV.  RESULTS 

The  project  is  currently  in  the  ninth  month  of  an  18-month 
program.  The  Marketing  Analysis  Task  is  nearing  completion  with 
the  energy  demand  surveys  and  conversion  cost  studies  more  than 
90%  complete.  The  Community  Advisory  Group  will  continue  to  meet 
every  month  to  discuss  issues  of  concern.  For  the  Technology 
Review  task  the  effort  concerned  with  determining  the  impact  on 
the  Intalco  facility  when  it  is  integrated  with  the  district 
heating  system  has  been  completed.  The  part  of  the  Technology 
Review  Task  associated  with  evaluating  aquifer  storage  and  the 
use  of  an  abandoned  coal  mine  as  an  aquifer  versus  the  use  of 
metallic  tanks  is  now  being  initiated.  An  evaluation  study  has 
been  conducted  for  the  heat  exchanger  to  be  installed  in  the  ducts 
at  Intalco  and  testing  of  a simulated  heat  exchanger  element  to 
assess  fouling  rates  has  been  initiated.  The  task  to  evaluate 
the  use  of  waste  streams  from  alternate  energy  sources  is  in  the 
initial  phase  with  the  only  activity  being  the  coordination 
meetings  held  with  each  of  the  9 candidates.  The  Institutional 
Considerations  task  is  an  active  phase  of  the  program.  Meetings 
have  been  held  with  the  Washington  State  Utilities  and  Transpor- 
tation Commission  concerning  regulations  that  are  applicable  to  a 
district  heating  system  and  there  has  been  a series  of  meetings 
with  bond  underwriters,  bond  counsel  and  management  consultants 
to  discuss  financing  options.  Additional  activities  involve  the 
analysis  of  legal  authority,  discussions  of  environmental  impact 
permits  with  city  and  county  planners  and  with  the  State  Depart- 
ment of  Ecology,  right-of-way  acquisition  and  construction 
impacts.  The  System  Cost  Analysis  task  is  in  the  initial  stage. 

A preliminary  system  design  phase  has  been  completed  as  a basis 
for  providing  a preliminary  cost  of  energy. 


V.  FUTURE  ACTIVITIES 

Effort  will  continue  on  each  of  the  five  tasks  during  the  coming 
months.  The  marketing  analysis  task  will  be  reduced  considerably 
— the  effort  remaining  involves  support  of  the  Community  Advisory 
Group  in  Bellingham  and  preparation  of  the  Market  Analysis  Report. 
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HEAT  STORAGE  CAPABILITY  OF  A ROLLING  CYLINDER 
USING  GLAUBER'S  SALT 


C.  S.  Herrick  and  K.  P.  Zarnoch 
Corporate  Research  and  Development 
General  Electric  Company 
Schenectady,  NY  12301 


INTRODUCTION 

Thermal  energy  storage  by  the  melting  and  refreezing  of  a chemical 
compound  (phase  change  storage)  has  the  possibility  of  a high  energy  storage 
density  and  isothermal  behavior.  Both  features  are  thought  to  be  highly  desirable 
for  thermal  storage  in  systems  intended  for  the  solar  heating  and  cooling  of 
buildings. 

Unfortunately  these  attractive  possibilities  are  difficult  to  realize  in 
practice  because  they  require  that  the  refreezing  step  be  carried  out  with  a very 
high  and  constant  Carnot  efficiency  and  with  fast  kinetics  to  produce  high  heat 
release  rates.  High  thermodynamic  efficiency  and  fast  kinetics  are  rarely 
operative  in  the  same  process. 

Salt  hydrates  have  relatively  high  latent  heats  of  fusion  (melting)  as  well  as 
melting  temperatures  which  are  convenient  for  space  heating  and  cooling  systems. 
Most  salt  hydrates  exhibit  refreezing  problems  which  are  severe  enough  to  prevent 
their  widespread  adoption  for  heat  storage. 

One  potential  solution  to  the  salt  hydrate  refreezing  problem  is  the  Rolling 
Cylinder  Heat  Storage  Device  invented  at  the  General  Electric  Research  and 
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Development  Center. [1-3]  Prior  experimental  work  in  this  laboratory  has  dem- 
onstrated that  sodium  sulfate  decahydrate  can  be  made  to  freeze  rapidly, 
completely,  and  repeatedly  when  it  is  contained  in  a cylindrical  vessel  rotating 
slowly  about  its  cylindrical  axis  with  its  axis  horizontal.  At  rotational  speeds  near 
3 rpm  this  mechanical  arrangement  produces  just  enough  stirring  action  in  the  two 
phases  to  create  effective  chemical  equilibrium  even  though  the  solid  Na2S04  still 
hovers  near  the  bottom  of  the  vessel.  Complete  freezing  is  obtained  with  a 
calculated  low  expenditure  of  energy  to  generate  the  rolling  motion.  Satisfactory 
repeatable  nucleation  has  been  obtained  over  many  cycles  through  the  use  of  a 
tubular  nucleator.  Refreezing  progresses  without  buildup  of  a crust  of  decahydrate 
crystals  on  the  cylinder  wall  to  interfere  with  rapid  heat  transfer. 

To  use  a rolling  cylinder  in  a heating/cooling  system,  the  system  designer 
must  have  accurate  information  describing  the  heat  storage  capacity,  the  temper- 
ature profile  required  to  empty  out  a store  and  then  refill  it,  and  the  rates  at  which 
heat  can  be  withdrawn  from  the  store  or  added  to  it. 

Sensible  heat  storage  in  tanks  of  water  is  characterized  by  a generally  low 
storage  capacity,  by  wide  temperature  swings,  and  by  permissible  high  rates  of 
heat  removal  per  unit  of  heat  transfer  area. 


[1]  C.  S.  Herrick,  "A  Rolling  Cylinder  Latent  Heat  Storage  Device  for 

Solar  Heating/Cooling",  ASHRAE  Transactions,  85,  512  (1979). 

[2]  C.  S.  Herrick,  U.S.  Patent  No.  4,154,292,  May  15,  1979. 

[3]  C.  S.  Herrick  and  D.  C.  Golibersuch,  "Qualitative  Behavior  of  a New 

Latent  Heat  Storage  Device  for  Solar  Heating/Cooling  Systems", 
General  Electric  Company  Report  No.  77CRD006,  March  1977. 
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Phase  change  storage,  on  the  other  hand,  is  characterized  by  a generally 
high  storage  capacity,  by  narrow  temperature  swings,  and  by  limiting  low  rates  of 
heat  removal  per  unit  of  heat  transfer  area.  Configurations  chosen  by  others  for 
phase  change  storage  usually  try  to  provide  a large  heat  transfer  area  and  allow  a 
crust  of  solid  storage  material  to  accumulate  on  the  heat  exchange  surface.  In  the 
rolling  cylinder  solids  do  not  accumulate  on  the  heat  exchange  surface  so  the 
required  heat  transfer  area  is  much  smaller.  In  principle  this  smaller  heat  transfer 
area  should  be  an  advantage  for  the  rolling  cylinder  store. 

The  broad  goal  of  this  work  is  to  produce  a quantitative  assessment  of  the 
engineering  properties  needed  to  design  a rolling  cylinder  heat  store  for  use  in 
space  heating  and  cooling.  This  report  describes  calorimetry  on  a laboratory  scale 
rolling  cylinder  to  measure  its  thermal  properties. 

Calorimeter  Construction: 

Figure  1 shows  the  calorimeter  which  consisted  mainly  of  a plywood  box 
lined  with  foamed  polystyrene  insulation.  A cylinderical  chamber  in  the  center 
holds  the  rolling  cylinder.  Figure  2 is  a sketch  of  the  assembled  calorimeter.  Air 
from  the  surrounding  room  is  propelled  into  the  calorimeter  by  a blower.  After 
passing  through  the  annular  space  between  the  cylinder  and  insulation  thereby 
cooling  the  rolling  cylinder,  the  air  passes  over  a heater  and  out  of  the  instrument. 
Resistance  thermometers  measure  the  air  temperature  rise  due  to  heat  from  the 
cylinder  and  then  a second  rise  due  to  the  electric  heater.  A known  electrical 
input  to  this  heater  provides  the  basic  air  flow  rate  measurement.  Cylinder  wall 
temperature  was  measured  by  a block  of  copper  sliding  against  the  rotating  wall. 
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Figure  1 Calorimeter  for  Measuring  Heat  Flow  Rates  in  a Rolling  Cylinder 


LEGEND 

© ROLLING  CYLINDER 
© CYLINDER  OUTSIDE  TEMP. 
® CYLINDER  INSIDE  TEMP 
@ NUCLEATOR 
© INLET  AIR  TEMP 
© AIR  BLOWER 
0 RADIATION  SHIELDS 

© AIR  MIXING  SYSTEM 
0 HEATER  (CALROD) 

0 EXHAUST  AIR 
® OUTLET  AIR  TEMP. 

0 AIR  BAFFLE  SYSTEM 
(g)  AFTER  CYLINDER  TEMP 

Figure  2 Air  Cooled  Calorimeter  for  the  Rolling  Cylinder 
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Much  care  is  required  to  assure  that  average  air  temperatures  are  measured  rather 
than  superheated-flow-streamline  temperatures.  All  sensors  provided  a direct 
reading  digital  output,  both  visual  and  Binary  Coded  Decimal.  Sensors  were 
scanned  at  3 minute  intervals  during  the  15-18  hours  required  to  complete  one  run. 
A programmable  microprocessor  directed  the  scanning  and  formatted  the  BCD 
output  for  recording  on  magnetic  tape.  Data  reduction  at  a later  time  provided  a 
heat  balance  around  the  calorimeter  for  each  scan  interval.  After  start-up  the 
experiment  ran  to  completion  unattended,  usually  overnight.  Computer  data 
reduction  and  computer  directed  graph  drawing  were  essential  to  convenient 
management  of  the  large  data  output.  Random  error  cancellation  oceured  to  an 
important  degree  due  to  the  large  number  of  data  points. 

Rolling  Cylinder  Construction 

The  rolling  cylinders  used  in  the  calorimeter  were  6 inches  outside  diameter, 
12  inches  long,  and  had  transparent  ends  so  the  freezing  process  could  be  observed 
visually.  Both  ends  were  thermally  insulated  during  calorimetry  so  that  all  heat 
was  removed  through  the  cylindrical  surfaces  where  the  heat  transfer  conditions 
were  well  defined.  Two  differing  cylinder  constructions  were  used,  and  both  were 
satisfactory.  The  first  consisted  of  a FERNICO  metal  cylinder  (iron-nickel-cobalt 
alloy)  40-mil  thick  with  FN  glass  plates  applied  to  the  cylinder  ends  by  glass- 
blowing,  see  Figure  3.  FERNICO  metal  alloy  and  FN  glass  make  a satisfactory 
joint  because  they  have  matching  coefficients  of  expansion.  A tapered  opening  for 
a No.  7 rubber  stopper  was  placed  at  the  center  of  each  end  plate,  one  for  a 
thermowell  entry,  and  one  for  a tubular  nucleator. 

The  second  cylinder  construction  consisted  of  a length  of  commercial  304 

stainless  steel  tubing.  Some  internal  buffing  of  the  tubing  was  required  to  control 

roughness.  A plate  of  1/2"  thick  polymethylmethacrylate  with  outward  facing 
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FERNICO  METAL  CYLINDER 
(0.040 "THICK  X GO"O.D.  X 11.5 "LONG) 


FN  GLASS  ENDS 


NUCLEATOR 


THERMOWELL  UNIT 


Figure  3 A Rolling  Cylinder  for  Laboratory  Scale  Calorimetry 

beveled  edges  was  inserted  on  each  end  and  sealed  in  place  by  filling  the  bevel 
spaces  with  RTV— room  temperature  vulcanizing  silicone  rubber.  1/4-inch  IPS  pipe 
threads  at  the  center  of  each  end  provided  for  thermowell  and  nucleator 
connections. 

Both  the  thermowell  and  nucleator  were  fabricated  from  1/4-inch  diameter 
copper  tubing.  The  thermowell  projected  6 inches  inside  the  rolling  cylinder  along 
the  central  axis.  The  nucleator  projected  about  1/2  inch  inside  and  13  inches  outside 
along  the  central  axis  but  at  the  opposite  end. 

Calorimeter  Operation 

Over  50  experiments  have  been  completed  in  the  calorimeter  apparatus 
using  Glauber's  salt,  sodium  sulfate  decahydrate,  as  the  phase  change  thermal 
storage  medium.  Operating  experience  suggests  an  accuracy  of  about  +8%  in  the 
quantity  of  heat  measured. 
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Thermal  Profile 


In  Figure  4 one  ean  see  the  entire  thermal  profile  of  a typical  calorimetric 
run  during  the  freezing  of  Glauber's  salt  as  it  progressed  from  start  to  finish.  It  is 
convenient  and  helpful  to  present  all  of  the  calorimetric  data  in  terms  of  the 
percentage  of  the  theoretical  latent  heat  evolved.  This  permits  meaningful 
comparison  beteen  cylinders  of  differing  size,  between  cylinders  operated  at 
differing  rates,  or  between  differing  kinds  of  storage.  The  latent  heat  of  fusion  of 
sodium  sulfate  decahydrate  was  taken  to  be  105.6  Btu/lb.  [4] . 


Figure  4 Run  52  at  3 RPM  and  25%  Excess  Na2S04.  Cycle  31. 


[4]  G.  Brodale  and  W.  F.  Giauque,  J.  Am.  Chem.  Soc.,  80,  2042  (1958). 
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Zero  percent  latent  heat  occurs  at  the  moment  of  nucleation.  Normally 
nucleation  occurs  when  the  supercooling  below  phase  change  temperature  is 
greatest.  Thus  the  separation  between  cylinder  inside  temperature  and  phase 
change  temperature  at  zero  percent  latent  heat  is  a measure  of  the  maximum 
supercooling  and  an  indicator  of  nucleator  performance.  In  Figure  4 nucleation 
occured  at  about  89°F,  a supercooling  of  1.3°F  for  the  cylinder  contents.  The  total 
heat  removal  was  95%  of  the  theoretical  amount. 

In  addition  to  the  air  temperatures,  the  cylinder  wall  (outside)  temperature 
and  the  cylinder  axial  (inside)  temperature,  one  can  find  temperature  drops  (AT) 
from  crystal  face  to  cylinder  contents  (bulk  liquid),  from  cylinder  liquid  to  cylinder 
wall,  and  from  cylinder  wall  to  the  cooling  air. 

The  cylinder  outside  wall  temperature  remains  within  3°F  of  the  phase 
change  temperature  until  70%  of  the  latent  heat  has  been  discharged  from  the 
cylinder.  This  is  the  most  significant  feature,  the  temperature  of  the  heat 
exchanger  surface.  It  can  and  will  be  used  presently  as  the  principal  comparison 
between  the  results  of  different  experiments. 

Due  to  the  10%  empty  space  at  the  top  of  the  cylinder,  the  cylinder  outside 
wall  temperature  will  vary  somewhat  with  angular  position  around  the  circum- 
ference. It  was  desirable  and  convenient  to  measure  the  lowest  value;  con- 
sequently, in  design  work  these  data  will  cause  heat  transfer  rates  to  be  slightly 
underestimated. 
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Heat  Removal  Rates: 


The  heat  removal  rate  measured  in  run  52  (corresponding  to  Figure  4) 
appears  in  Figure  5.  For  comparison  the  ideal  heat  removal  behavior  is  indicated 
by  a dashed  line  forming  a rectangle.  The  rolling  cylinder  performance  does 
approximate  the  ideal  behavior  thus  fulfilling  the  advance  promise  of  good  and 
sustained  heat  transfer  capability.  This  desirable  behavior  results  from  avoiding 
the  progressive  accumulation  of  solids  on  the  heat  transfer  surface  where  they 
become  a thermal  barrier. 


Figure  5 Run  52  Heat  Removal  Rate  Illustrating  the 
Close  Approach  to  Ideal  Behavior  (dashed  line) 
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Figure  6 illustrates  a sustained  heat  removal  rate  of  200  Btu/hr/sq  ft.  This 
is  the  highest  rate  obtainable  under  experimental  conditions  convenient  for  the 
calorimeter,  thus  it  is  most  probably  not  a limiting  rate.  Again,  as  in  Figure  5 the 
shape  of  the  heat  removal  rate  compares  well  with  the  ideal  behavior  suggested  by 
the  dashed  rectangle. 


PERCENT  THEORETICAL  LATENT  HEAT 

Figure  6 Heat  Removal  Rate  in  Run  80  at  3 RPM,  25%  Excess  Na.SO. 

z *± 

It  is  strongly  recommended  that  comparisons  between  latent  heat  storage 
subsystems  be  made  using  diagrams  similar  to  Figures  5 and  6. 
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Heat  Transfer  Coefficients: 


Figure  7 shows  the  calculated  values  of  heat  transfer  coefficients  on  each 
side  of  the  cylinder  wall.  The  outside  coefficient  is  the  expected  value  for  air 
under  the  existing  conditions.  The  inside  value  is  based  on  the  axial  temperature 
and  the  metal  wall  temperature  and  thus  is  an  overall  value  which  includes  the 
effects  of  mechanical  motion  or  stirring,  and  diffusion  in  addition  to  boundary 
layer  phenomena.  The  four  distinct  steps  shown  here  suggest  the  possible  existance 
of  four  different  behavioral  regimes  inside  the  cylinder.  Other  runs  provided  less 
pronounced  steps  and  many  showed  fewer  than  four,  however  all 
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Figure  7 Heat  Transfer  Coefficients  for  Run  44,  3 RPM, 
25%  Excess  Na2SO^,  Cycle  10 
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showed  at  least  one  step.  The  following  identifications  are  tentatively  assigned  to 
the  four  separate  behavioral  patterns. 

The  first  step  (L  to  R in  Fig.  7)  is  an  artifact  created  by  less-than-perfect 
liquid  mixing  in  the  cylinder  at  less  than  25%  of  theoretical  latent  heat.  The 
second  step  then  becomes  the  initial  state  of  the  cylinder  contents.  The  third  step 
represents  the  introduction  of  a diffusional  barrier  probably  associated  with  the 
encapsulation  of  Na2SC>4  by  Na2SO4*10H2O.  The  fourth  step  covers  the  region  in 
which  the  solids  cease  to  move  relative  to  the  cylinder  causing  internal  heat 
transport  to  decline  to  its  lowest  level. 

Excess  Sodium  Sulfate; 

A newly  identified  encapsulation  effect  operates  in  the  rolling  cylinder. 
Individual  crystals  of  sodium  sulfate  decahydrate  and  anhydrous  sodium  sulfate 
adhere  to  one  another  tenaciously  when  they  come  into  physical  contact.  Crystals 
of  decahydrate  formed  early  in  the  freezing  process  gather  up  a surface  coating  of 
anhydrous  crystals  due  to  this  mutual  adhesive  effect.  In  turn  the  anhydrous 
crystals  attract  a coating  of  decahydrate.  As  the  freezing  process  continues 
alternating  layers  of  the  two  types  accumulate  on  each  growing  crystal  until  all  of 
the  anhydrous  sodium  sulfate  is  buried  beneath  a layer  of  decahydrate.  Since  the 
continuing  formation  of  decahydrate  (at  constant  temperature)  is  dependent  upon 
the  availability  of  some  solid  anhydrous  sodium  sulfate  it  is  likely  that  the 
encapsulating  effect  just  described  will  create  a visible  resistance  to  the  rate  of 
crystallization  at  some  point  in  the  freezing  process.  In  a cylinder  containing 
stoichiometric  decahydrate  rotating  at  3 rpm  and  cooling  at  80  Btu/hr/sq  ft  this 
resistance  becomes  significant  at  about  45%  frozen.  At  this  point  the  cylinder 
outside  wall  temperature  begins  to  fall  rapidly  because  the  combined  effects  of 
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solid  out-diffusion,  water  in-diffusion,  water  in-migration  along  crystal  defects, 
and  crystal-crystal  grinding  is  no  longer  able  to  provide  access  to  sodium  sulfate  at 
the  required  rate. 

The  exact  details  of  when  this  solution  starvation  point  is  reached  and  the 
size  and  population  of  growing  crystals  depend  strongly  on  the  degree  of  super- 
cooling at  the  time  nucleation  occurs.  Larger  degrees  of  supercooling  lead  to 
larger  and  fewer  growing  crystals  with  deeper  burial  of  anhydrous  sodium  sulfate  in 
decahydrate. 

It  should  be  pointed  out  that  in  a stoichiometric  mixture  without  encap- 
sulation the  quantity  of  anhydrous  sodium  sulfate,  and  thus  its  surface  area 
available  for  reaction  with  solution  to  form  new  decahydrate  approaches  zero  as 
the  freezing  reaction  nears  completion.  Thus  another  form  of  anhydrous  sodium 
sulfate  starvation  can  be  expected  to  slow  down  the  completion  of  the  reaction. 

Both  causes  of  reactant  starvation  can  be  effectively  relieved  by  adding  an 
excess  of  anhydrous  sodium  sulfate  to  the  system.  Figure  8 shows  that  at  3 rpm  a 
25%  excess  extends  the  high  temperature  nominally  flat  portion  of  the  cylinder 
outside  wall  temperature  to  about  75%  theoretical  latent  heat  evolved  and  also 
allows  the  mixture  to  ultimately  release  99.7%  of  theoretical  latent  heat.  This 
excess  causes  about  a 10%  decrease  in  volumetric  heat  storage  capacity. 


Figure  8 The  Effect  of  Excess  Sodium  Sulfate  on  Decahydrate  Formation. 
Cylinder  Outside  Wall  Temperatures  for  Run  5,  8, 13 


Rotation  Rate: 

Cylinder  rotation  rate  determines  the  amount  of  stirring  and  the  radial 
mixing  of  cylinder  contents.  The  cylinder  outside  wall  temperature  is  the  best 
indicator  of  how  well  this  internal  mixing  is  being  carried  out.  It  is  also  probable 
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that  a significant  amount  of  crystal-crystal  grinding  results  from  the  rotation. 
Figure  9 shows  the  effect  of  changing  rotation  rate  on  the  outside  wall  temper- 
ature. There  is  little  difference  between  speeds  of  2 and  3 rpm  as  well  as  between 
5 and  7 RPM.  There  is  certainly  an  improvement  in  performance  at  the  two  higher 
speeds  and  the  effect  seems  highly  non-linear.  No  explanation  for  this  behavior 
other  than  crystal-crystal  grinding  can  be  offered  at  the  present  time.  Rotation 
rates  of  2 or  3 RPM  may  be  usable  in  working  storage  systems. 
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Figure  9 The  Effect  of  Cylinder  Rotation  Rate  on  the  Outisde  Wall  Temperature 
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Commercial  Sodium  Sulfate: 

All  of  the  early  experiments  were  done  using  reagent  grade  sodium  sulfate. 
Later  experiments  explored  the  use  of  sodium  sulfate  from  four  commercial 
sources,  Prior  Chemical  Company,  Ashland  Chemical  Company,  Saskatchewan 
Chemical  Company,  and  FMC.  No  differences  in  behavior  were  detected.  The 
conclusion  is  that  commercially  pure  sodium  sulfate  from  most  sources  will  be 
satisfactory  for  phase  change  heat  storage  in  the  rolling  cylinder. 

gH: 

Aqueous  solutions  of  sodium  sulfate  from  different  sources  vary  widely  in 
hydrogen  ion  concentration  with  reagent  grade  being  acid  and  commercial  grades 
being  usually  basic.  The  effect  of  pH,  if  any,  on  the  sodium  sulfate  decahydrate  - 
sodium  sulfate  - water  system  is  not  known  at  the  present  time.  pH  however  is 
frequently  an  important  variable  in  many  crystallizing  systems.  To  remove  the 
possibility  of  an  uncontrolled  variable  influencing  the  experimental  results  in  an 
unknown  way,  all  sodium  sulfate  was  adjusted  to  pH  7.0  before  use  by  adding 
sodium  hydroxide  or  sulfuric  acid  as  appropriate. 

Melting 

Quantitative  measurements  of  the  heat  required  to  melt  Glauber's  salt  were 
not  considered  necessary  as  long  as  the  system  continues  to  yield  100%  of  the 
theoretical  latent  heat  (within  experimental  error)  with  each  refreezing  cycle.  The 
melting  cycle  is  quite  uneventful  but  differs  somewhat  from  the  refreezing  cycle. 
In  cases  where  refreezing  proceeds  to  100.0%  initial  melting  produces  one  large 
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cylinder  of  solid  which  rolls  with  the  rotary  motion  without  causing  problems. 
After  a time  it  separates  into  the  original  constituent  crystals  and  re-establishes 
the  same  internal  flow  patterns  observed  during  refreezing. 

The  melting  cycle  was  usually  carried  out  at  about  300  Btu/hr  which  is  3 
times  the  usual  refreezing  rate.  This  high  rate  was  achieved  by  raising  the  air 
temperature  flowing  over  the  cylinder.  With  the  40  mil  wall  thickness  at  10%  void 
space  the  maximum  allowable  air  temperature  was  about  140°F.  Higher  air 
temperatures  caused  crystallinzation  of  Na2SC>4  adhered  to  the  cylinder  wall  and 
should  be  avoided.  Presumably  these  events  occurred  in  the  thin  liquid  film  on  the 
cylinder  wall  as  it  rotates  past  the  void  space.  Reducing  the  void  space  should 
permit  even  higher  air  temperatures. 

Melting  Na2SO4*10H2O  produces  solid  Na2S04  particles  in  colloidal  sizes. 
Recrystallization  of  Na2S04  occurs  rapidly  so  that  the  crystals  are  large  enough  to 
re-establish  the  initial  solid-liquid  flow  pattern  by  the  time  the  melting  cycle  is 
finished. 

Axial  Solids  Transport: 

The  behavior  of  a long  thin  rolling  cylinder  when  cooling  is  applied  unevenly 
along  its  length  has  an  important  effect  on  heat  storage  system  design.  If 
complete  freezing  occurs  at  one  end  of  the  cylinder  first,  then  moves  progressively 
along  the  length  of  the  cylinder  to  the  other  end,  then  the  cylinder  surface  area 
available  for  heat  transfer  is  reduced  by  the  fraction  of  storage  material  frozen. 
To  meet  a selected  heating  load  at  a high  fraction  frozen  would  require  a 
significant  increase  in  storage  size  (and  cost)  over  that  necessary  to  meet  the  same 
load  at  a low  fraction  frozen.  Uniform  freezing  would  minimize  storage  size  and 
cost. 
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In  the  calorimetry  experiments  just  described  where  cylinder 
Length/Diameter  = 2,  the  freezing  process  always  occurred  uniformly  throughout 
the  cylinder.  It  is  possible  that  in  some  domestic  heating  systems  L/D  would  have 
a value  of  10  or  20.  To  evaluate  the  possibility  of  uniform  freezing  in  such  systems 
the  apparatus  of  Figure  10  was  constructed.  L/D  was  14.  When  a step  upset  was 
introduced  by  placing  all  of  the  solids  at  one  end  of  the  cylinder  the  time  required 
to  establish  equilibrium  (at  3 RPM)  was  always  0.5%  of  storage  discharge  time. 
This  rapid  equilibration  of  solids  inside  the  cylinder  strongly  suggests  that  cylinders 
with  L/D  ratios  as  large  as  20  or  more  will  freeze  uniformly  due  to  the  rapid 
internal  heat  transport  by  the  axial  flow  of  solids. 


In  a qualitative  demonstration  of  internal  heat  transport  it  proved  possible 
to  maintain  the  Fig.  10  cylinder  in  a steady  state  by  heating  one  end  while  cooling 


Figure  10  The  Axial  Solids  Transport  Experiment  Demonstrated  Uniform 

Freezing  in  Long  Cylinders 
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the  other  at  approximately  100  Btu/hr/sq  ft.  The  accompanying  axial  flow  of  solids 
was  rapid  enough  that  no  end  to  end  differences  in  solids  levels  could  be  detected 
visually. 


Life  Testing; 

Life  tests  are  underway  at  a rate  of  one  freeze/melt  cycle  per  day,  or  5 
cycles  per  week.  Freezing  conditions  (room  air)  are  imposed  from  4 pm  to  8 am 
next  day  then  melting  conditions  from  8 am  until  completely  melted,  usually  about 
2 pm.  Normally  the  cylinders  are  frozen  solid  without  visible  amounts  of  liquid 
phase  remaining. 

Calorimetry  is  done  every  ten  cycles  to  document  possible  changes  in 
freezing  performance.  At  the  time  this  text  was  prepared  more  than  150  cycles 
had  been  completed.  There  has  been  no  change  in  the  quantity  of  latent  heat 
evolved  upon  freezing  which  remains  at  100%.  The  ability  of  the  system  to  freeze 
completely  has  not  been  adversely  affected  by  up  to  150  freeze-melt  cycles. 


Summary 

The  quantity  of  heat  stored  and  the  heat  flow  rates  achieved  have  been 
measured  in  a laboratory  sized  rolling  cylinder.  In  general  the  promises  of  good 
performance  based  on  earlier  qualitative  results  have  been  fulfilled.  This  report 
provides  a brief  summary  of  the  quantitative  evidence  which  has  been  accumulated 
to  support  the  following  statements  concerning  the  rolling  cylinder  with  Glauber's 
salt. 
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• Complete  phase  change 

• Theoretical  latent  heat  release 

• Repeatable  performance  over  150  cycles 

• High  heat  release  rates 

• High  internal  heat  transfer  rates 

• High  heat  exchanger  surface  temperatures 

• Commercial  source  salts  are  satisfactory 

• Freezing  occurs  uniformly 

Conclusion 

The  quantitative  laboratory  scale  results  suggest  that  the  rolling  cylinder 
will  be  a high  performance  low  temperature  thermal  storage  device.  No  technical 
barriers  were  discovered  to  the  further  development  of  the  rolling  cylinder  thermal 
storage  device. 
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THERMAL.  ENERGY  STORAGE  TEST  FACILITY* 


Mark  P . Ternes 

Oak  Ridge  National  Laboratory- 
Oak  Ridge,  Tennessee  37830 

SUMMARY 


Two  loops  making  up  the  Thermal  Energy  Storage  Test  (TEST)  Facility,  using 
either  air  or  liquid  as  the  thermal  transport  fluid,  are  being  designed  and 
developed.  These  loops  will  be  capable  of  cycling  residential-size  thermal 
energy  storage  units  through  conditions  simulating  solar  or  off-peak  electri- 
city applications  to  evaluate  the  unit's  performance.  To  date,  the  detailed 
design  of  the  liquid  cycling  loop  has  been  completed  and  is  expected  to  be 
operational  in  March  1980;  the  design  of  the  air  cycling  loop  has  been 
initiated. 


DISCUSSION 


The  Thermal  Energy  Storage  Test  (TEST)  Facility  will  be  a set  of  two 
loops,  using  either  air  or  a liquid  as  the  thermal  transport  fluid,  capable  of 
cycling  both  hot  and  "cool"  residential-size  thermal  energy  storage  devices 
through  a series  of  charge  and  discharge  modes  which  simulate  either  solar  or 
off-peak  electricity  TES  applications.  The  TEST  facility  will  be  used  to 
(1)  independently  evaluate  the  performance  of  storage  systems  using  testing 
procedures  which  simulate  working  environments  under  which  the  system  will 
operate  as  well  as  using  procedures  -proposed  by  ASHRAE  and  NBS  and  (2)  to  pro- 
vide support  in  further  R&D  work  related  to  TES.  Total  storage  capacity, 
charge  and  discharge  rates,  temperature  profiles,  and  pressure  drop  across  the 
storage  device  are,  among  others,  the  performance  characteristics  of  interest. 

Both  cycling  loops  will  be  capable  of  fully  charging  or  discharging  a 
residential-size  storage  unit  [52,800  to  528,000  KJ  (50,000  to  500,000  BTU) 


*Research  sponsored  by  the  Division  of  Energy  Storage  Systems,  U.S. 
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the  U.S.  Government's  right  to  retain  a nonexclusive,  royalty-free  license 
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capacity]  within  four  hours  [required  heat  rate  of  36.6  KW  (125,000  BTU/h) ] . 

The  liquid  loop  will  have  a temperature  range  of  0°C  to  140°C  (32°F  to  280°F) 
and  will  be  able  to  use  either  water,  ethylene  glycol,  or  salt  brine  as  the 
working  fluid  at  flow  rates  between  7.6  i/min  and  76  i/min  (2  and  20  GPM) . The 
temperature  range  of  the  air  loop  will  be  from  0°C  (32°F)  to  some  maximum 
temperature  as  yet  undetermined.  The  loops  will  possess  a high  degree  of 
versatility  and  controlability  to  produce  a variety  of  input  conditions  called 
for  by  the  testing  procedures;  specifically,  they  will  be  capable  of  providing 
varying  temperature,  flow  rate,  and,  for  the  air  loop,  humidity  input  sched- 
ules in  step  function,  sinusoidal,  and  stochastic  patterns  to  fully  simulate 
actual  conditions  and  usage  of  solar  and  off-peak  electricity  storage  units. 

Three  feedback  loops,  one  for  temperature  control,  one  for  flow  rate 
control,  and  one  for  humidity  control  in  the  air  loop,  all  capable  of  sensing 
loop  parameters  and  making  adjustments  accordingly,  will  therefore  be  required. 
An  integral  part  of  these  feedback  systems  will  be  an  LSI-11  computer  which 
will  interface  between  the  sensing  and  control  devices;  the  computer  will  also 
serve  as  the  main  data  acquisition  system.  Twenty-eight  K of  core  and  two 
floppy  disks  provide  program  and  data  storage,  and,  furthermore,  the  mini- 
computer will  be  interfaced  with  a remote  computer  to  provide  additional  stor- 
age and  computational  capabilities. 

The  basic  piping  and  instrumentation  layout  for  the  liquid  loop  is  shown 
in  Fig.  1.  Mixing  value  A,  functioning  with  a feedback  system  initiating  from 
temperature  probe  D,  indirectly  diverts  the  necessary  amount  of  return  liquid 
through  either  of  the  thermostated  liquid  holding  tanks,  as  determined  by  valve 
B,  and  thereby  reconditions  the  working  fluid  to  its  required  inlet  tempera- 
ture. The  loop  flow  rate  will  be  monitored  by  a turbine  flow  meter  C,  which 
also  feeds  back  information  to  the  loop  flow  control  valve  E.  Platinum 
resistance  temperature  probes,  capable  of  measuring  temperature  to  within  a 
few  tenths  of  a degree  F,  will  be  placed  throughout  the  loop  as  well  as  in  the 
storage  device  itself  in  sufficient  quantity  to  effectively  evaluate  the  stor- 
age system  performance  and  to  monitor  the  loop  dynamics.  Pressure  differential 
cells  complete  the  major  instrumentation  requirements  of  the  loop.  The  air 
loop  will  be  similar  to  the  liquid  loop  in  its  basic  layout,  control  systems, 
and  instrumentation,  with  the  additional  requirement  of  measuring  and  control- 
ling humidity. 

The  detailed  design  of  the  liquid  cycling  loop  has  been  completed,  and 
all  the  instrumentation  has  been  ordered.  Specifications  for  the  major  loop 
components  (tanks  and  pump)  are  currently  being  prepared,  and  their  procurement 
will  then  follow.  The  LSI-11  computer  is  on  hand.  It  is  expected  that  the 
loop  will  be  operational  in  March  1980.  The  design  of  the  air  cycling  loop  has 
been  initiated. 
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subsystems  and  components  using  PCM's  based  on  mathematical 
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Develop  mathematical  models  of  the  dynamic  thermal  behavior 
of  TES  subsystems  using  PCM's  based  on  solutions  of  the 
moving  boundary  thermal  conduction  problem  and  on  heat  and 
mass  transfer  engineering  correlations. 

Design,  construct,  and  operate  small-scale  experiments  to 
provide  data  for  testing  and  improving  the  mathematical 
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Project  Title: 

Principal  Investigator: 
Organization: 


Project  Objectives: 


Technical  Progress:  1978-79 


Mathematical  Modeling  of  Moving  Boundary 
Problems  in  Thermal  Energy  Storage* 

A.  D.  Solomon 

Union  Carbide  Corporation 
Nuclear  Division 
P.0.  Box  Y,  Bldg.  9704-1 
Oak  Ridge,  Tennessee  37830 

Telephone:  615/574-8696 

To  develop  and  apply  computer  and  mathe- 
matical models  in  support  of  the  thermal 
energy  storage  program,  emphasizing  their 
application  to  the  moving  boundary  problem 
in  phase  change  processes  for  Latent  Heat 
storage. 


a)  The  Program  TES 

The  computer  program  TES  simulating  the  behavior  of  a phase  change  process 
in  a single  PCM  body  went  through  its  final  stages  of  development  and 
validation.  The  program,  applicable  in  slab,  cylinder  and  spherical 
geometries,  was  applied  to  a broad  family  of  problems,  and  its  accuracy 
and  validity  tested  wherever  possible.  A complete  documentation  is 
appearing  in  the  form  of  a Union  Carbide  Report,  No.  CSD-51  [14]. 

b)  Other  Computer  Codes 

A number  of  additional  codes  have  been  prepared  for  situations  not  suited 
for  TES,  and  as  means  for  verifying  the  TES  results.  These  include  a 
multi -component  version  of  TES,  which  is  to  be  documented  during  the 
present  year,  and  other  codes  for  multidimensional  phase  change,  radiation 
boundary  conditions,  and  other  cases.  The  methods  upon  which  these  codes 
are  based,  very,  so  as  to  serve  as  additional  validation  tools  for  each 
other. 


c)  Comparison  with  Experiment 

Comparisons  of  the  results  of  various  models  with  the  experimental 
results  of  R.  Deal  have  been  undertaken  [7].  This  work  has  led  to 
questions  of  the  accuracy  of  inverse  problem  estimates  (e.g.  of  the 
heat  transfer  coefficients  and  the  conductivity)  [11],  and  the  develop- 
ment of  additional  support  codes.  An  example  of  the  use  of  a support 
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code  is  given  in  figure  1,  where  a two  dimensional  code  was  used  to 
judge  the  effect  of  the  plexiglass  wall  in  the  experiment. 

d)  Scoping  of  Physical  Processes 

Numerical  and  analytical  models  were  used  for  a number  of  scoping 
exercises  including  a PCM  wall  simulation  [5]  and  a temperature 
cycling  process  for  a Glaubers  salt  chub  [13]. 

e ) De ve lopment  of  Computable  Analytical  Models 

A number  of  models  extending  earlier  reported  models  for  melt  time  of 
a simple  body  [3]  and  melting  of  a slab  [9]  were  developed.  These 
include  a model  of  a convection  surface  heat  transfer  process  [4], 

f ) Computing  Considerations 

In  the  course  of  validating  TES  and  other  programs,  a number  of 
questions  related  to  their  practical  use  arose.  These  were  studied 
in  [12],  [15],  and  relate  to  the  question  of  how  to  know  if  the  results 
obtained  from  a phase  change  simulation  scheme  are  actually  correct. 

g ) Natural  Convection  Modeling 

Experiments  were  made  and  rough  comparisons  carried  out  with  analytical 
and  numerical  models  for  processes  which  include  natural  convection  of 
the  melt  [1].  This  work  is  to  continue  during  the  present  year. 

h ) Other  Support  Activities 


Other,  more  peripheral  activities  performed  during  the  last  year  included 
the  preparation  of  a survey  paper  on  the  mathematics  of  latent  heat 
thermal  energy  storage  processes  [6],  participation  in  the  preparation 
of  a bibliography  of  this  area  [16],  and  others  ([2],  [8],  [10]). 
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CRAWL  SPACE  ASSISTED  HEAT  PUMP* 


Mark  P.  Ternes 

Oak  Ridge  National  Laboratory 
Oak  Ridge,  Tennessee  37830 


SUMMARY 


A variety  of  experiments  and  simulations  are  currently  being  designed  or 
are  underway  to  determine  the  feasibility  of  conditioning  the  source  air  of  an 
air-to-air  heat  pump  using  stored  ground  heat  or  "cool"  to  produce  higher 
seasonal  COP's  and  net  energy  savings.  The  ground  would  condition  ambient  air 
as  it  is  drawn  through  the  crawl  space  of  a house.  Tests  have  been  designed 
to  evaluate  the  feasibility  of  the  concept,  to  determine  the  amount  of  heat  or 
"cool"  available  from  the  ground,  to  study  the  effect  of  the  system  on  the 
heating  and  cooling  loads  of  the  house,  to  study  possible  mechanisms  which 
could  enhance  heat  flow  through  the  ground,  and  to  determine  if  diurnal  temp- 
erature swings  are  necessary  to  achieve  successful  system  performance.  All 
studies  are  currently  operating  or  will  be  operational  by  the  end  of  1979. 


DESCRIPTION 


Higher  seasonal  COP's  and  output  capacity,  accompanied  by  large  energy 
savings,  can  potentially  be  realized  by  conditioning  the  outside  air  delivered 
to  an  air-to-air  heat  pump.  The  concept  to  be  considered  is  a crawl  space 
assisted  heat  pump  where  the  air  is  conditioned  by  stored  earth  heat  or  "cool" 
as  it  is  drawn  through  the  crawl  space  of  a house.  A schematic  representation 
of  this  concept  is  shown  in  Fig.  1. 

In  1977,  a graduate  student  at  The  University  of  Tennessee  conducted  a 
field  experiment  at  a private  residence  in  Oak  Ridge,  Tennessee,  with  the 
heat  pump  operating  in  the  above  mode  during  the  winter  season  and  observed 


*Research  sponsored  by  the  Division  of  Energy  Storage  Systems,  U.S. 
Department  of  Energy  under  contract  W-7405-eng-26  with  the  Union  Carbide 
Corporation. 

By  acceptance  of  this  article,  the  publisher  or  recipient  acknowledges 
the  U.S.  Government's  right  to  retain  a nonexclusive,  royalty-free  license 
in  and  to  any  copyright  covering  the  article. 


272 


that  significant  increases  in  air  temperature  were,  in  fact,  achieved.  A 
number  of  questions  remained  which  need  to  be  answered,  however,  before  the 
feasibility  and  general  applicability  of  the  concept  can  be  assured;  it  is 
unresolved  whether  the  temperature  increase  of  the  air  was  due  to  heat  addi- 
tion from  the  ground  or,  rather,  due  to  conduction  and/or  air  exfiltration 
through  the  floor  of  the  house,  and  thus  the  possible  effects  of  the  system 
on  the  heating  and  cooling  loads  of  the  house  are  unknown.  It  is  also  uncer- 
tain what  tradeoffs  were  involved  if  the  temperature  change  was  partially  due 
to  house  heat  losses  and  partially  due  to  ground  heat  addition.  If  the  earth 
in  an  enclosed  space  can,  indeed,  supply  a significant  quantity  of  heat  to  air 
flowing  above  it,  then  further  studies  of  the  heat  transfer  and  storage  char- 
acteristics of  the  earth  become  of  interest;  namely,  whether  the  required  heat 
flux  through  the  soil  and  to  the  air  is  explainable  by  simple  conduction  and 
convection  of  earth  heat,  whether  the  heat  flow  rate  through  soil  can  be  en- 
hanced by  moisture  diffusion  induced  by  temperature  gradients,  and  whether 
diurnal  temperature  swings  effectively  "charge"  the  upper-most  layer  of  the 
earth  during  the  daytime.  Three  separate  areas  of  investigation  are  underway 
to  address  these  questions. 

The  first  investigation  consists  of  a field  test  of  a second  house  mod- 
ified such  that  ambient  air  is  drawn  through  the  crawl  space  and  delivered  to 
the  heat  pump.  It  is  similar  to  the  initial  field  test  except  that  additional 
instrumentation  is  being  utilized.  The  objective  of  this  second  field  test  is 
to  reaffirm  the  feasibility  of  the  concept  as  well  as  to  record  and  understand 
the  transient  characteristics  and  responses  of  the  crawl  space.  A plastic 
moisture  barrier  will  cover  the  earth  surface  to  prevent  moisture  evaporation. 
Crawl  space  air  temperatures,  ground  surface  temperatures,  and  earth  tempera- 
tures 0.15  m (6  in.)  below  the  surface  will  be  continuously  recorded  using  a 
12-point  Honeywell  recorder  and  type  K thermocouples.  An  event  recorder  will 
also  be  used  to  monitor  the  defrost  cycles  of  the  heat  pump.  Figure  2 shows 
a schematic  of  the  crawl  space  and  the  thermocouple  locations. 

The  second  investigation  will  consist  of  measuring  the  temperature  rise 
of  ambient  air  drawn  by  portable  fans  through  two  specially  built  insulated 
ducts  located  in  the  crawl  space  of  an  experimental  control  house  being  used 
in  conjunction  with  energy  conservation  projects  at  ORNL.  A plan  view  is 
shown  in  Fig.  3.  Three  sides  of  the  duct  will  be  formed  of  closed  cell  poly- 
styrene sheeting  0.30  m (12  in.)  thick,  with  the  remaining  side  being  open  to 
the  ground.  The  fan  will  be  cycled  through  different  "on/off"  sequences  with 
the  use  of  a 24-hr  timer  to  simulate  actual  heat  pump  operation.  Two  ducts 
will  be  used  — one  with  a plastic  moisture  barrier  on  the  earth  surface  and 
the  other  without  — to  gain  a quantitative  understanding  of  the  different  heat 
transfer  mechanisms  occurring  in  soil.  With  all  joints  in  the  ducts  carefully 
sealed,  the  ducts  will  be  thermally  isolated  from  the  house  as  well  as  the 
crawl  space,  and  thus  any  temperature  rise  resulting  from  air  flowing  through 
the  ducts  will  be  due  solely  to  heat  addition  from  the  ground.  It  will, 
therefore,  be  possible  to  determine  directly  the  amount  of  useful  heat  avail- 
able from  the  ground  and,  from  comparisons  with  field  experiments,  it  will  be 
possible  to  determine  the  source (s)  of  the  heat  gains  experienced  in  actual 
field  operation.  Moreover,  questions  concerning  the  necessity  of  diurnal 
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temperature  swings  and  the  impact  of  the  system  on  the  house  environment  will 
both  be  partially  addressed.  Duct  temperatures,  ground  surface  temperatures, 
and  earth  temperatures  0.15  m (6  in.)  deep  will  be  continuously  recorded  using 
a 12-point  Honeywell  recorder  and  type  T thermocouples;  additionally,  air 
velocity,  wet-bulb  temperatures,  and  soil  moisture  content  will  be  measured 
periodically. 

The  third  investigation  will  address  two  issues  partially  addressed 
beforehand:  specifically,  the  effect  of  diurnal  temperature  swings  on  the 

thermal  conditions  of  the  ground  and  the  effect  of  moisture  diffusion  on  the 
heat  transfer  characteristics  of  soil.  Mathematical  and  computer  modeling 
techniques  are  being  employed  to  determine  the  storage  and  recovery  capabil- 
ities of  the  earth  when  exposed  to  cyclic  temperatures  and  to  evaluate  the 
effectiveness  and  importance  of  the  temperature  swings  in  charging  the  earth 
system  during  the  daytime.  The  enhancement  of  soil  heat  transfer  is  being 
studied  in  a 0.61  m (2  ft)  square  box  0.30  m (1  ft)  high,  capable  of  maintain- 
ing a constant  free  surface  water  level  in  the  soil  test  section  and  an  im- 
posed heat  flux  through  the  bottom.  Temperatures  are  measured  throughout  the 
box  using  type  K thermocouples  and  three  Honeywell  recorders;  moisture  content 
is  monitored  using  fiber  glass  encased  moisture  probes.  A schematic  of  the 
testing  device  is  shown  in  Fig.  4. 


STATUS 


The  heat  pump  modifications  have  been  made  for  the  second  field  test,  and 
data  acquisition  has  begun.  Preliminary  results  show  that  for  ambient  air  at 
0°C  (32°F)  and  ground  surface  temperatures  of  10.6°C  (51°F),  air  was  delivered 
to  the  heat  pump  at  5.0°C  (41°F) . Acquisition  of  materials  and  instrumenta- 
tion for  the  duct  experiment  is  underway,  and  it  is  expected  that  the  ducts 
will  be  constructed  and  operational  by  the  end  of  1979.  To  date,  the  effective 
thermal  conductivity  of  wet  clay  as  measured  in  the  thermal  conductivity  ex- 
periment has  been  found  to  be  1.21  W/m  °C  (0.7  Bbu/h  ft  °F)  which  conforms 
with  literature  values,  and  thus  no  significant  heat  transfer  enhancement  has 
been  found. 
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LIVING 

AREA 


Fig.  1.  Crawl  Space  Assisted  Heat  Pump 


Fig.  2.  Field  Test  Configuration 
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Fig.  3.  Plan  View  of  the  Duct  Experiment 


Fig.  4.  Thermal  Conductivity  Testing  Device 
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Determine  that  the  moisture  vapor  retention 
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stability,  mechanical  integrity,  and  thermal  performance 
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selected  for  the  chubs.  A 204-lb  batch  of  chubs  was 
cycled  405  times  on  an  accelerated  schedule.  After 
cycling  the  heat  of  fusion  was  about  70  BTU/LB  based  on  a 
30 °F  temperature  swing. 
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PROJECT  SUMMARY 


Project  Title 

"Life  and  Stability  Testing  of  Packaged  Low-Cost  Energy 
Storage  Materials" 

Name  of  Contractor: 

Institute  of  Energy  Conversion 
University  of  Delaware 
Newark,  Delaware  19711 

Name  of  Principal  Investigator: 

Dr.  Galen  R.  Frysinger,  Manager,  Energy  Systems 

Current  Contract  Period; 

September  1,  1978  - September  30,  1979 

Objective: 

The  package  integrity  of  the  "CHUB"  packaged  materials 
was  tested  to  experimentally  verify  the  ability  of  the 
package  to  retain  the  moisture  within  the  salt  mixture. 

The  life  and  stability  of  the  packaged  material  was  verified 
by  thermal  cycling  and  performance  measurement. 

Project  Status: 

Final  report  was  submitted  to  Department  of  Energy 
on  September  25,  1979,  in  draft  form  for  review.  Expected 
to  be  available  for  public  distribution  in  early  1980. 

Funding  Level: 

$146,000.00 

Funding  Source: 

Department  of  Energy,  Division  of  Energy  Storage  Systems. 
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Concept  of  Thermal  Energy  Storage  System 

The  "CHUB"  (see  first  illustration)  low-cost  thermal 
energy  storage  component  has  a wide  range  of  applications 
as  an  air  stream  integral  heat  exchange/storage  unit.  The 
second  illustration  indicates  examples  of  storage  assisted 
air  conditioning  and  heat  pump  applications  which  make 
effective  utilization  of  off-peak  electrical  power  for 
heating/cooling  thus  saving  the  utility  fuel  and  generation 
facility  costs.  The  "CHUB"  may  also  be  used  with  active 
air  solar  collector  systems  for  daytime  storage  of  heat 
to  provide  extended  house  heating  during  periods  of  no  solar 
insolation.  Likewise,  as  a passive  solar  system,  the  "CHUBS" 
can  be  directly  irradiated  by  solar  energy,  thus  storing 
the  thermal  energy  for  later  use  within  the  dwelling.  The 
"CHUBS"  also  can  be  used  to  store  heat  in  the  dwelling  to 
increase  the  thermal  mass  by  phase  change  transition. 

The  application  which  is  closest  to  commercialization 
integrates  the  thermal  energy  storage  with  a conventional 
air  conditioner  providing  the  capability  of  using  off-peak 
electrical  power  for  residential  cooling.  The  daily  house 
heat  gain  is  removed  into  thermal  storage.  The  heat  is 
rejected  at  night  by  the  air  conditioner  using  off-peak 
(lower  cost  eleotr icity ) , the  heat  being  more  efficiently 
rejected  against  the  lower  outside  ambient  temperature. 

The  thermal  energy  storage  capacity  is  thus  renewed  to 
absorb  the  next  day's  heat  gain.  The  net  result  from  the 
utility's  point  of  view  is  that  the  air  conditioning  compressor's 
electrical  demand  is  shifted  from  the  daytime  hours  to 
nighttime  hours  where  the  utility  load  demand  is  reduced. 


CHUB  Qualification 

The  qualification  of  the  "CHUB"  thermal  energy  storage 
component  by  the  University  of  Delaware,  with  the  assistance 
of  the  Du  Pont  Company,  was  the  objective  of  this  contract 
from  1 September  1978  to  30  September  1979.  Based  on  extensive 
laboratory  verification  of  moisture  vapor  retention,  a thin 
film  laminate  was  specified  having  the  characteristics 
required  for  successful  containment  of  the  Glauber's  salt 
(sodium  sulfate  decahydrate)  thermal  energy  storage  materials 
over  an  operating  life  of  10-15  years.  Significant  test 
quantities  of  the  qualified  "CHUBS"  were  prepared  at  a 
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Chub  Applications 


Latent  Thermal  Mass  Passive  Solar 
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prototype  fabrication  facility  set  up  and  operated  at  the 
University  of  Delaware  in  June  1979.  The  "CHUBS"  produced 
at  this  facility  met  and  exceeded  the  moisture  vapor  retention 
characteristics  determined  in  earlier  laboratory  testing. 

The  thin  film  plastic  laminate  (4  mils)  is  capable  of  retaining 
the  thermal  energy  storage  mixture  so  that  extrapolated 
room  temperature  weight  loss  is  only  about  0.92%  in  ten 
years,  corresponding  to  a theoretical  efficiency  reduction 
due  to  water  loss  of  only  2.0%  over  this  operating  period. 

The  packaging  was  shown  to  be  capable  of  meeting  fabrication 
quality  assurance  standards,  as  well  as  the  package  integrity 
tests  required  to  ensure  viability  during  field  handling 
and  use.  The  laminate  specified  has  been  shown  to  be  successful 
as  a thermal  energy  storage  packaging  material  capable  of 
being  used  in  high-speed  machinery  from  the  food  processing 
industry  for  the  commercial  packaging  of  the  "CHUBS".  With 
the  availability  of  the  "CHUBS"  from  the  University  of 
Delaware's  prototype  fabrication  facility  in  June  1979, 
long-term  performance  testing  of  the  packaged  thermal  energy 
storage  materials  was  possible.  This  was  initiated  and 
extended  through  the  duration  of  the  contract  to  verify 
packaging  integrity  and  also  to  obtain  significant  long- 
term performance  data  for  the  Glauber's  salt  behavior. 
Heretofore,  this  performance  data  analysis  had  been  obscured 
because  of  the  deficiencies  of  previously  used  commercial- 
type  packaging.  Laboratory  results  had  given  indication 
of  performance  but  without  the  realistic  field  containment 
methods  and  a stabilization  of  the  long-term  moisture  balance 
changes,  the  data  were  erroneous  because  they  were  taken 
on  a constantly  changing  composition.  Since  the  "CHUB" 
packages  eliminate  this  problem,  the  results  from  the  present 
tests  should  have  significantly  increased  validity. 

The  daily  cycle  tests  and  the  accelerated  tests  (six 
cycles  per  day)  initiated  with  the  availability  of  the 
qualified  material  in  June  1979  have  led  to  preliminary 
results  verifying  long-term  performance  behavior.  The 
performance  after  400  cycles  was  verified  before  the 
completion  of  the  contract  work  period  at  the  end  of  September. 
Air  calorimeter  tests  indicated  a total  thermal  energy 
storage  capacity  at  the  end  of  405  cycles  of  70-75  Btu's 
per  pound  which  includes  contributions  for  specific  heat 
over  the  normal  operating  range  of  30°F  and  the  latent  heat 
at  the  transition  point. 


281 
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Project  Goals:  Evaluate  the  technical  and  economic  feasibility  of 

incorporating  thermal  energy  storage  components  (primarily 
based  on  the  annual  cycle)  into  the  proposed  Twin  Cities 
District  Heating  (DH)  Project. 

Review  technical  status  of  the  Twin  Cities  Project, 
including  work  done  by  Studsvik  AB.  Prepare  a conceptual 
design  of  one  or  more  DH  systems  which  are  comparable  but 
include  TES  as  an  integral  part  of  the  design.  Compare  the 
DH  systems  with  and  without  TES  in  terms  of  estimated 
capital  requirements,  fuel  consumption,  delivered  energy 
cost,  and  environmental  aspects. 


This  activity  has  been  completed.  Potential  benefits  are 
found  to  be  substantial,  including  energy  conservation, 
favorable  economic?,  and  reduced  air  and  thermal  pollution. 
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PROJECT  SUMMARY 


Title:  Evaluation  of  Thermal  Energy  Storage  for  the  Proposed  Twin  Cities 

District  Heating  System 

Principal  Investigator:  Charles  F.  Meyer 


Organization:  General  Electric  Company -TEMPO 

Center  for  Advanced  Studies 
P.0.  Drawer  QQ 

Santa  Barbara,  California  93102 
Telephone:  (805)  965-0551 


Project  Objectives:  To  evaluate  the  technical  and  economic  feasibility  of 

incorporating  thermal  energy  storage  components  (primarily  based  on  the 
annual  cycle)  into  the  district  heating  system  proposed  for  the  Minneapolis- 
St.  Paul  metropolitan  area. 

Project  Status:  Completed.  Final  report  submitted  July  1979  (0RNL/Sub-2604-2; 

GE79TMP-44) . 


The  net  energy  savings  of  the  proposed  cogeneration/district  heating 
system  without  TES  are  impressive.  When  TES  is  used,  the  net  energy  saved 
is  found  to  be  2 to  14  percent  greater,  in  spite  of  heat  lost  during  storage, 
with  fuel  cost  savings  of  $14  to  $16  million  per  year.  Reduction  of  air  and 
thermal  pollution  are  concomitant  benefits.  The  capital  investment  require- 
ments for  boilers,  cogeneration  equipment,  and  transmission  pipelines  might 
be  reduced  by  $66  to  $122  million.  The  breakeven  capital  cost  of  aquifer 
TES  is  found  to  be  from  $43  to  $59  per  peak  thermal  kilowatt  input  to  or 
withdrawal  from  storage. 


Contract  Number:  UCC  7604 


Contract  Period:  August  1978  - July  1979 

Funding  Level:  $133,744 

Funding  Source:  U.S.  Department  of  Energy,  Division  of  Energy  Storage  Systems, 

via  Oak  Ridge  National  Laboratory. 
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PURPOSE 

TEMPO  studies  beginning  in  1972  have  shown  that  thermal  energy  storage  (TES) 
in  aquifers  could  greatly  improve  the  opportunities  for  conserving  substantial 
amounts  of  energy  (with  concomitant  reduction  in  environmental  pollution)  through 
large-scale  cogeneration  (Meyer,  Hausz,  et  al , 1976).  If  large-scale  annual- 
cycle  TES  were  available,  it  could  solve  the  mismatch  problem  which  limits  the 
amount  of  cogenerated  heat  for  which  a market  can  be  found.  The  mismatch  problem 
arises  because  electricity  must  be  generated  in  instantaneous  response  to  demand 
(no  feasible  way  to  store  electricity  is  available);  and  demands  for  heat  seldom 
correspond  to  electric  generation  in  time,  location,  or  magnitude.  The  largest 
potential  market  for  cogenerated  heat  is  space  heating  — an  annual-cycle  load  — 
served  by  district  heat. 

Comparing  the  capital  requirements  and  fuel  consumption  of  a specific  cogen- 
eration/district heating  system  which  does  not  include  TES  to  those  of  a system 
with  TES,  serving  identical  loads,  provides  a measure  of  the  value  of  the  TES. 

BACKGROUND  INFORMATION 

A major  series  of  studies  have  been  undertaken  to  evaluate  the  feasibility  of 
installing  a new,  large  district  heating  (DH)  system  in  the  Minneapol is-St.  Paul 
metropolitan  area.  It  would  be  based  upon  cogeneration  of  power  and  heat  by 
Northern  States  Power.  Among  the  leading  sponsors  and  participants  in  the  studies 
are  the  Minnesota  Energy  Agency,  Northern  States  Power  Company,  and  DOE/ORNL. 

Also  participating  are  several  other  governmental  agencies,  utilities,  univer- 
sities, and  a number  of  contractors  and  consultants. 

The  proposed  new  DH  system  would  not  send  out  steam,  as  is  the  universal 
practice  in  large  DH  systems  in  the  United  States,  but  hot  water,  as  is  the  common 
practice  in  Europe.  A Swedish  firm,  Studsvik  Energiteknik  AB,  under  a DOE/ORNL 
contract  beginning  in  1977,  prepared  a general  description  of  the  system  and  ana- 
lyzed its  economic  feasibility,  based  upon  their  experience  with  European  systems 
(Karnitz  and  Rubin,  1978;  Jaehne,  et  al , 1979;  Margen,  et  al  , 1979a,  1979b). 

Supplying  space  heating,  tap  water,  air  conditioning  (absorption  cycle),  and 
low-temperature  industrial  process  heat  needs  from  a central  source  is  a more 
efficient  way  to  use  fuel  than  to  burn  it  in  many  small  furnaces  and  boilers.  A 
particularly  efficient  central  source  is  a plant  cogenerating  power  and  heat. 

The  configurations  proposed  by  Studsvik  for  a Twin  Cities  DH  system  did  not 
include  TES  except  that  incidental  to  use  of  large  hot -water  pipelines:  hot  water 
has  a high  energy  density,  compared  to  steam,  and  the  DH  system  has  significant 
thermal  inertia. 

PROJECT  DESCRIPTION 

District  Heating  System  Proposed  by  Studsvik 

Figure  1 shows  an  annual  load  duration  curve  for  space  heat  and  hot  tap  water 
for  the  Twin  Cities  DH  system  after  20  years  of  buildup.  The  area  houses  about 
one  million  people.  Two  scenarios  were  developed  by  Studsvik.  Only  Scenario  A 
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for  space  heat,  hot  tap  water,  and  pipeline 
between  cogeneration  and  heat-only  boilers. 


will  be  discussed  here.  It  restricts  DH  to  the  downtown  and  industrial/commercial 
areas  and  the  dense  residential  areas.  Heat  load  densities  vary  from  20  MW/km2 
(50  MW/mi2)  to  more  than  70  MW/km2  (180  MW/mi^).  The  peak  coinciding  consumer  load 
is  slightly  more  than  2600  thermal  megawatts  and  heat  loss  from  pipelines  is  about 
83  thermal  megawatts;  100-percent  load  on  the  vertical  scale  of  Figure  1 thus  cor- 
responds to  about  2700  thermal  megawatts.  The  DH  base  load  supply  is  from  cogen- 
eration plants,  which  would  provide  about  56  percent  of  the  required  thermal  capac- 
ity but  close  to  90  percent  of  the  thermal  energy  production. 

During  wintertime  peak  heat  load  conditions,  1188  MW  of  boiler  capacity  would 
be  required  in  addition  to  1516  MW  of  total  heat  production  capacity  of  cogenera- 
tion plants.  For  reliability,  the  largest  cogeneration  plant,  335  thermal  mega- 
watts, is  discounted  and  equivalent  standby  boiler  capacity  is  added,  bringing  the 
total  permanent  boiler  capacity  to  1523  thermal  megawatts.  (Temporary,  portable 
boilers  would  also  be  used,  during  the  DH  system  buildup  stage,  until  hot-water 
pipelines  reach  all  heat-load  areas.) 

The  cogeneration  heat  production  capacity  is  obtained  from  a total  of  eight 
turbines,  of  which  six  are  existing  machines  at  two  Northern  States  Power  Company 
stations  and  two  would  be  added.  Initially,  the  newest  three  of  the  six  existing 
turbines  would  be  converted  from  single-purpose  to  extraction  machines  by  connect- 
ing a steam  pipe  with  appropriate  regulating  valves  to  the  crossover  steam  line 
between  the  intermediate-  and  low-pressure  turbines.  These  connections  and  appro- 
priate heat  exchangers  would  provide  hot  water  at  the  DH  sendout  temperature  of 
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about  146°C  (295°F),  with  a total  capacity  of  727  thermal  megawatts.  Next,  a new 
backpressure  turbine  of  110  MW  thermal  capacity  would  be  added,  using  an  existing 
boiler  and  building  space.  A few  years  later,  the  oldest  three  of  the  existing 
turbines  would  be  converted,  to  supply  344  MW  of  heat  extraction.  The  backpres- 
sure machine  and  the  three  older  machines  would  supply  88°C  (190°F)  water,  with  a 
total  capacity  of  454  MW.  This  intermediate-temperature  water  would  be  heated  to 
sendout  temperature  (146°C)  by  passing  it  through  the  heat  exchangers  of  the 
three  larger  machines,  achieving  a two-stage  heating  process  to  improve  thermo- 
dynamic efficiency.  The  eighth  and  final  cogeneration  unit,  to  be  installed  after 
the  DH  system  has  reached  nearly  full  growth,  would  add  335  MW  of  thermal  capacity, 
bringing  the  total  cogeneration  heat  production  capacity  to  1516  MW. 

For  the  main  transmission  pipeline,  a design  sendout  temperature  of  146°C 
(295°F)  was  chosen  because  it  can  be  obtained  from  the  natural  point  of  steam 
extraction  from  converted  turbines.  A lower  design  temperature  would  not  decrease 
the  amount  of  electrical  generation  sacrificed.  The  nominal  return  temperature  is 
60°C  (140°F)  for  the  coldest  day. 

The  two-way  transmission  system  (sendout  and  return)  for  Scenario  A is  shown 
diagramatical ly  in  Figure  2.  The  total  length  of  dual  pipeline  is  about  50  km  (30 
miles).  For  Scenario  A,  the  transmission  network  terminates  at  29  nodes,  indi- 
cated by  dots  in  Figure  2.  At  these  points,  the  distribution  subsystem  is  con- 
nected to  the  transmission  system,  via  heat  exchangers.  The  distribution  subsystem 
operates  at  a temperature  of  130°C  (266°F),  to  permit  the  use  of  prefabricated 
pipes.  Auxiliary  peak-load  and  standby  boilers  are  located  at  the  nodes,  to  allow 
the  transmission  pipelines  to  be  sized  to  transport  only  cogenerated  heat  — 
roughly  half  the  peak  load.  This  approach  to  siting  permits  the  boilers  to  act  as 
reserve  units  not  only  for  cogeneration  units  but  also  for  transmission  pipeline 
outages.  It  is  recognized  that  suitable  sites  may  not  be  found  for  all  boilers 
and  adjustments  will  be  necessary  in  a detailed  network  design.  (The  same  reason- 
ing is  followed  for  siting  TES;  Heat  Storage  Wells  would  be  located  at  the  nodes.) 


Figure  2.  Hot-water  transmission  network 
for  Scenario  A. 

(Source:  Studsvik) 


Table  1 shows  the  estimated  capital  investment  costs  for  the  three  subsys- 
tems of  the  reference  (Studsvik)  cogeneration-DH  system  that  may  be  affected  by 
use  of  aquifer  TES:  the  cogeneration  capacity,  the  boilers,  and  the  transmission 
pipelines.  The  total  cost  of  cogeneration  plant  is  divided  into  components  which 
are  of  interest  when  TES  is  included  in  the  system.  Studsvik  treats  the  cost  of 
the  new  110  MW  backpressure  turbine  as  zero  for  the  following  reasons:  it  will  be 
installed  in  building  space  vacated  some  time  ago,  and  matched  to  an  existing 
boiler;  a cost  estimate  of  $12  million  ( $21 8/kW  electric)  was  obtained  from  a tur- 
bine manufacturer,  and  the  value  of  the  turbogenerator  for  peak  load  electric  gen- 
eration is  estimated  to  roughly  match  this  cost;  therefore,  the  unit  involves  zero 
net  equivalent  conversion  cost. 
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TABLE  1.  Estimated  capital  investments  (millions  of  1978  $US). 


Cogeneration  plant  (1516  thermal  megawatts  capacity): 

Conversion  of  three  newest  machines  for  extraction 
of  727  MW 

14.0 

Adding  new  backpressure  machine,  110  MW 

-0- 

Conversion  of  three  old  machines  for  extraction 
of  344  MW 

12.0 

Adding  new  turbine  to  produce  335  MW 

29.0 

TOTAL 

55.0 

Boilers  for  peak  and  standby  loads  of  1523  MW  at 

$43  per  thermal  kilowatt 

66.0 

Transmission  pipeline  network,  installed 

105.0 

The  costs  of  the  distribution  subsystem  and  of  converting  buildings  to  use 
hot-water  heat  are  substantial  but  are  not  shown  because  they  are  not  affected  by 
use  of  TES. 

For  the  mature  cogeneration-DH  system  proposed  by  Studsvik,  the  estimated 
annual  fuel  consumption  and  savings  are  shown  in  Table  2. 


TABLE  2.  Annual  energy  consumption  and  savings,  reference  system. 


TWH 

PJ 

TBtu 

MB0E* 

Gas  saved  9.23 

33.2 

31.5 

4.94 

Oil  burned  -1.20 

4.3 

- 4.1 

-0.64 

Coal  burned  -2.75 

9.9 

- 9.4 

-1.47 

NET  SAVINGS  5.28 

47.4 

18.0 

2.83 

* 

Million  barrels  of  oil,  equivalent 

• 

The  saving  in  gas  shows  the  fuel  saving  of  consumers  of  gas,  oil,  or  what- 
ever alternative  fuel  might  have  been  used  instead  of  district  heat  service. 

This  fuel  saving  is  deduced  by  Studsvik  on  the  assumption  that  the  efficiency  of 
the  average  consumer's  boiler,  burning  gas  or  oil,  is  70  percent:  the  total  heat 
delivered  to  consumers  by  district  heating  service  during  the  year,  6,461  TWH,  is 
divided  by  0.7  to  find  the  energy  saved. 

The  negative  saving  in  oil  consumption  is  the  amount  of  oil  needed  to  fire 
the  peak  load  and  standby  boilers  at  90  percent  efficiency. 

The  negative  saving  in  coal  gives  the  equivalent  increase  in  coal  consumption 
if  coal -fired  plants  are  used  to  produce  the  electricity  sacrificed  due  to  cogen- 
eration of  hot  DH  water.  It  is  computed  as  the  loss  of  electricity  due  to  cogen- 
eration divided  by  an  efficiency  factor  of  0.4  to  convert  to  coal  input  for 
electricity  production  in  a condensing  power  station. 
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The  electricity  sacrificed  is  found  by  multiplying  the  cogenerated  heat  pro- 
duction by  a factor  which  is  approximately  O.2.;  i.e.,  200  MWH  of  electricity 
is  lost  per  1000  MWH  of  cogenerated  heat.  At  40  percent  efficiency,  a coal  plant 
(somewhere  in  the  system)  would  burn  500  MWH  of  coal  to  replace  the  electricity 
sacrificed  in  cogenerating  1000  MWH  of  heat.  A boiler  at  90  percent  efficiency 
would  burn  1111  MWH  of  fuel  to  produce  1000  MWH  of  heat;  the  tradeoff  is  a good 
one. 

Analysis  of  DH  System  with  TES 

The  capital  investment  requirements  and  fuel  consumption  of  the  Twin  Cities 
system  as  proposed,  with  no  TES,  are  compared  to  those  of  systems  with  TES  and 
serving  identical  heat  loads.  The  comparison  provides  a measure  of  the  value  of 
TES  in  a specific  system.  Some  of  the  ground  rules  and  assumptions  are: 

• The  reference  cogeneration-district  heating  system  is  that  proposed  by 
Studsvik.  To  facilitate  comparison  against  the  reference  system,  Studsvik's  data 
on  costs  and  performance,  and  their  methodology  for  analysis  of  systems,  are 
utilized  wherever  possible. 

• Only  the  mature  system  is  considered.  The  assumption  is  that  TES  devices 
would  have  been  incorporated  into  the  system  during  the  20  years  from  inception 
to  maturity. 

• Annual -cycle  TES  is  of  principal  interest.  The  only  annual -cycle  TES 
technology  to  be  considered  is  storage  of  hot  water  in  aquifers. 

• Availability  of  suitable  aquifers  for  thermal  storage  is  assumed. 

• Because  aquifer  TES  is  still  in  the  development  stage  and  its  cost  and 
performance  are  speculative,  a full  cost-benefit  analysis  is  not  attempted  at 
this  time.  Instead,  the  potential  benefits  are  of  principal  interest.  How  much 
investment  in  boilers,  cogeneration  equipment,  and  transmission  pipelines  might 
be  avoided  if  TES  were  used?  How  much  less  oil  would  be  burned  if  TES  displaced 
some  or  all  of  the  boilers?  How  much  more  coal  would  have  to  be  burned?  What  is 
the  breakeven  or  allowable  cost  of  aquifer  TES? 

• Utilizing  the  heat-cogeneration  plant  at  as  high  a capacity  factor*  as 
possible  is  desirable. 

• The  temperature  drop  between  hot  water  into  and  hot  water  out  of  TES  does 
not  appear  to  be  a substantial  problem  in  the  proposed  Twin  Cities  system, 
because  the  system  incorporates  a drop  from  146°C  (295°F)  to  130°C  (266°F)  at  the 
nodes  where  most  of  the  TES  would  be  located;  and  the  ratio  of  stored  heat  to 
transmitted  heat  usually  is  fairly  small,  so  that  blending  will  mitigate  the 
temperature  drop. 


Capacity  factor  is  defined  as  the  ratio  of  average  load  on  a machine  or  equip- 
ment for  the  period  of  time  considered  to  the  capacity  of  the  machine  or 
equipment  (IEEE  Std.  346-1974). 
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Aquifer  TES 

Figure  3 illustrates  schematically  the  Heat  Storage  Well  concept  of  annual  - 
cycle  TES  at  low  cost  and  low  heat  loss.  Two  water  wells  are  drilled  deep  enough 
— say,  500  to  1000  feet  — to  provide  sufficient  hydrostatic  heat  to  maintain 
superheated  water  in  liquid  form,  and  to  avoid  aquifers  used  for  water  supply. 

The  two  wells  of  the  doublet  comprise  a closed  hydraulic  system;  water  pumped  from 
one  well  is  injected  into  the  companion  well,  several  hundred  feet  away.  The 
heat-storage  medium  is  the  porous  rock  comprising  the  aquifer  and  the  water  fill- 
ing the  pores,  together  with  the  relatively  impervious  aquifer  cap  and  bottom. 

The  energy  storage  capacity  is  very  large  — the  aquifer  may  be  100  feet  thick, 
and  the  hot  water  may  extend  300  or  more  feet  radially  from  the  well  — and  costs 
essentially  nothing.  The  TES  capacity  — the  rate  at  which  heat  can  be  stored  or 
withdrawn  from  storage  — is  determined  by  the  size  of  the  wells,  the  pumps 
employed,  and  the  flow  parameters  of  the  aquifer.  A reasonable  estimate  is  that 
a Heat  Storage  Well  doublet  may  have  a 15-megawatt  thermal  capacity.  Multiple 
wells  are  employed  to  obtain  larger  capacities.  Thus,  in  contrast  to  most  TES 
components,  only  the  power  capacity  determines  the  cost  of  storage. 


& 


SENDOUT  (300°  F,  150° 


o 


01  ~ 3 


HOT  WATER  TRANSMISSION  LOOP 


& 


RETURN  (150°  F,  65°  C) 


HEAT  EXCHANGER 


o 

HEAT  STORAGE  WELL  DOUBLET 


• ' tJ ifc Sii i imii ‘ ■»  i 


BOTTOM  .-  . . - ; 


FLOW  DIRECTION:  [^STORING  HEAT  ^ WITHDRAWING  HEAT 

Figure  3.  Schematic  diagram  of  Heat  Storage  Well  doublet  operation. 


Somewhat  as  with  root  cellars  and  ice  caves,  natural  rocks  and  sand  insulate 
the  hot  water  stored  in  an  aquifer.  Three-fourths  or  more  of  the  stored  heat 
would  appear  to  be  recoverable  after  six  months  or  longer  (Meyer,  Hausz,  et  al, 
1976;  ATES  Newsletter >,  September  1979,  reports  by  Molz  and  Tsang).  This  remains 
to  be  demonstrated  on  the  necessary  scale  with  water  injected  at  temperatures 
above  100°C. 
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Cases  Studied 


Four  study  cases  were  developed  to  describe  potential  DH  system  configura- 
tions which  would  incorporate  TES  and  satisfy  the  same  heat  loads  and  pipeline 
losses  as  the  reference  system. 

Each  study  case  was  analyzed  month  by  month  to  find  the  heat  production 
required  to  satisfy  consumer  heat  loads,  pipeline  losses,  and  a nominal  25  per- 
cent heat  loss  from  aquifer  TES.  (Losses  of  35  and  15  percent  were  also  consid- 
ered but  the  results  are  not  reported  here.) 

When  heat  demand  exceeds  available  cogeneration  heat-production  capacity, 

TES  is  required  to  deliver  heat.  When  available  cogeneration  heat-production 
capacity  exceeds  demand,  excess  capacity  is  used  as  appropriate  to  produce  hot 
water  to  be  stored.  Maximum  storage  is  scheduled  during  months  just  preceding 
the  winter  months  of  peak  heat  demand.  This  minimizes  the  storage  time  and  the 
amount  of  hot  water  stored,  hence  the  heat  lost  in  storage. 

RESULTS 

The  four  cases  were  developed  sequentially.  The  rationale  and  system  config- 
uration for  each  case  are  discussed  in  what  follows.  The  results  are  summarized 
in  Table  3.  The  effects  on  capital  investment  requirements  and  fuel  consumption, 
and  the  allowable  (breakeven)  cost  of  TES,  will  then  be  presented  and  discussed. 


TABLE  3.  Summary  of  effects  of  TES  on  system  configuration  and  performance. 


Studsvlk's 
Scenario  A 

Reference 

case. 

CASE  1 

CASE  2 

CASE  3 

CASE  4 

Base  case. 
No  boilers. 
Same  cogen. 
capacity  as 
ref.  case. 

Reduce  cogen. 
capacity  by 
344  MWth  of 
old  turbines. 

Convert  only  new 
turbines.  Add 
backpressure 
units.  TES  at 
nodes  only. 

Minimize  pipe- 
line size. 

TES  at  both 
plant  and 
nodes . 

COGENERATION 

Extraction: 

MW  Capacity 

1406 

1406 

1062 

727 

727 

Annual  TWH 

5.480 

6.344 

6.551 

4.241 

4.241 

10-month  CF 

0.60 

0.76 

0.80 

0.80 

Backpressure: 

MW  Capacity 

no 

no 

no 

440 

475 

Annual  TWH 

0.465 

0.775 

0.775 

3.084 

3.333 

Annual  CF 

0.45 

0.80 

0.80 

0.80 

0.80 

Total : 

MW 

1516 

1516 

1172 

1167 

1202 

Annual  TWH 

5.945 

7.119 

7.326 

7.325 

7.574 

Elec,  sacrificed,  TWH 

1.10 

1.24 

1 .43 

1.16 

1.17 

BOILERS 

Peak: 

MW  Capacity 

1188 

-0- 

-0- 

-0- 

-0- 

Standby: 

MW  Capacity 

335 

Total : 

MW  Capacity 

1523 

Annual  TWH 

1.049 

Annual  CF 

0.08 

HEAT  STORAGE  WELLS 

At  Nodes: 

MW  Capacity 

-0- 

1523 

1867 

1872 

1839 

Annual  TWH 

0.533 

1 .344 

1.350 

2.450 

At  Plant: 

MW  Capacity 

-0- 

-0- 

-0- 

-0- 

414 

Annual  TWH 

1.430 

Total : 

MW  Capacity 

1523 

1867 

1872 

2253 

Total  annual  TWH  stored 

0.533 

1 .344 

1.350 

3.880 

Approx,  annual 

TWH  lost 

0.133 

0.336 

0.338 

0.613 

(at  0.75  recovery  fraction) 

TRANS.  PIPELINES  (lumped) 

Peak  capacity 

required,  MW 

1516 

1516 

1172 

1167 

865 

Annual  capacity  factor 

0.45 

0.54 

0.71 

0.72 

1.Q 
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Case  1 is  a study  of  replacing  boiler  capacity  with  aquifer  TES  capacity. 

It  shows  that  all  boilers  could  be  replaced  with  aquifer  storage  without  exceed- 
ing capacity  factor  constraints  on  the  reference-system  cogeneration  equipment. 

Case  2 is  a study  of  how  much  heat  cogeneration  capacity  may  be  removed  from 
the  Case  1 configuration  without  exceeding  capacity  factor  constraints  on  the 
cogeneration  plant.  It  shows  that  the  344  MW  of  heat  production  capacity 
obtained  by  converting  the  three  old  machines  could  be  dispensed  with. 

Case  3 examines  the  benefits  of  using  as  much  backpressure  capacity  as  is 
realistically  possible.  Some  extraction  capacity  is  retained:  the  three  newest 

turbines  are  converted  for  crossover  extraction  to  give  727  MW  of  heat  capacity, 
needed  during  the  first  three  years  of  implementation  of  the  DH  system. 

Using  more  backpressure  capacity  than  in  the  reference  case  becomes  feasible 
with  TES  because  the  cogenerated  heat  can  always  be  either  used  or  stored.  There 
is  no  need  for  cold  condensing.  The  capital  cost  to  be  amortized  from  electric- 
ity and  heat  revenues  is  lower  than  when  extraction  machines  are  used  because 
there  are  no  low-pressure  stages,  cold  condenser,  and  cooling  water  facilities  to 
stand  idle  during  maximum  heat  production.  Full  advantage  can  be  taken  of  the 
inherently  smaller  size,  lower  cost,  and  slightly  better  cogeneration  efficiency 
of  the  backpressure  turbine  as  compared  to  the  extraction  turbine.  (The  extrac- 
tion mode  is  slightly  less  efficient  because  even  at  full  extraction  a small 
amount  of  steam  must  be  bled  through  the  low  pressure  stages  for  temperature 
control,  then  condensed  at  a loss  of  roughly  2300  J/kg  (1000  Btu/pound).) 

A key  point  to  be  made  is  that  use  of  TES  expands  the  role  of  the  backpressure 
turbogenerator  used  in  a DH  system.  It  is  no  longer  to  be  regarded  as  basically  a 
source  of  district  heat  with  electricity  as  a byproduct,  or  vice  versa.  It  can  be 
operated  to  produce  electricity  at  a lower  heat  rate  than  base-load  power  plants 
(e.g.,  1.29  kWh  thermal  per  kWh  electric;  4400  Btu/kWhe),  with  heat  as  a byproduct; 
or  to  produce  district  heat  in  the  most  energy-efficient  way  with  electricity  as  a 
byproduct;  or  as  a high-efficiency  low-cost  producer  of  electricity  and  heat  as 
joint  products.  There  is  a limitation:  enough  heat  must  be  produced  at  appropriate 
times  to  charge  TES,  so  that  heat  from  TES  will  be  available  when  needed.  However, 
there  is  considerable  latitude  in  choosing  the  appropriate  times. 

Figure  4 illustrates  graphically  the  use  in  Case  3 of  less  cogeneration  capac- 
ity, at  a higher  capacity  factor,  with  TES,  and  with  no  boilers,  to  satisfy  the 
same  heat  demand  as  the  reference  system  shown  earlier  in  Figure  1. 

Case  4 explores  the  effects  of  using  TES  both  at  the  plant  and  the  nodes, 
rather  than  only  at  the  nodes,  in  order  to  minimize  the  transmission  pipeline  size. 
This  is  a limiting  case:  the  analysis  is  made  on  the  basis  of  a single  pipeline 
operating  year-round  at  full  capacity,  which  obviously  would  never  be  the  actual 
situation.  It  shows  that  a substantial  reduction  in  pipeline  size  is  possible  (up 
to  43  percent),  saving  capital  cost,  pumping  power,  and  heat  loss. 

Capital  Cost  Benefits  and  Allowable  TES  Cost  (in  1978  $US) 

Table  4 summarizes  the  capital  investment  costs  of  the  reference  system  that 
may  be  avoided  by  use  of  TES  (assuming  a heat  recovery  fraction  of  0.75).  In 
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Figure  4.  Load  curve  for  Case  3,  showing  cogeneration  and  annual -cycle  storage. 


TABLE  4.  Capital  cost  savings 

and 

breakeven 

cost  of 

TES. 

Case: 

1 

2 

3 

4 

Capital  costs  avoided,  $M 

66 

92 

no 

122 

TES  capacity,  MWt 

1523 

1867 

1872 

2253 

Breakeven  cost  of  TES,  $/kW^ 

43 

49 

59 

54 

Case  1,  for  example,  the  $66  million  represents  the  cost  of  boilers  replaced  by 
TES.  Other  cases  include,  in  addition  to  the  cost  of  the  boilers,  reduced  cost 
of  cogeneration  equipment  and  of  the  transmission  pipeline. 

Even  though  the  required  amount  of  aquifer  TES  increases  for  each  successive 
case,  the  breakeven  or  allowable  capital  cost  per  kilowatt  of  TES  capacity  also 
increases,  because  of  capital  costs  avoided. 

Unlike  other  TES  devices,  the  cost  of  aquifer  TES  is  almost  entirely  deter- 
mined by  the  megawatt  (power-related)  capacity.  The  storage  medium  (water),  the 
containment  (aquifer),  and  the  insulation  (sand  and  rock)  cost  nothing  once  wells 
are  drilled;  the  only  energy- re la ted  cost,  for  pumping,  is  very  low.  A very  rough 
estimate  of  the  capital  cost  of  the  aquifer  storage  is  $23  to  $50  per  peak  thermal 
kilowatt  into  or  out  of  storage.  This  rough  estimate  remains  to  be  verified  by 
field  installations  and  tests. 


Fuel  Consumption  and  Energy  Benefits 


For  the  reference  system  and  for  the  systems  with  TES,  the  gas  (or  oil,  or 
other  alternative  fuel)  not  used  by  consumers  of  district  heat  amounts  to  9.23 
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thermal  TWH  per  year  (31.5  trillion  Btu)  and  would  cost  about  161  million  1978 
dollars.  This  is  the  basic  energy-conservation  benefit  of  a Twin  Cities 
cogeneration-district  heating  system. 

Peak  load  and  standby  boilers  required  for  the  reference  system  would  burn 
about  1.20  thermal  TWH  of  oil  per  year  (0.64  million  barrels).  These  boilers  are 
not  needed  in  the  systems  with  TES;  the  oil  is  replaced  by  coal  used  in  cogenera- 
tion. This  is  an  important  fuel -substitution  benefit  of  the  TES  system. 

Cogeneration  plants  sacrifice  some  electrical  generation  in  order  to  produce 
useful  heat  instead  of  waste  heat.  To  replace  electricity  sacrificed  in  cogener- 
ating heat,  the  reference  system  requires  burning  about  2.75  thermal  TWH  of  coal 
per  year  (0.39  million  tons),  at  a cost  of  $11  million.  The  net  annual  savings 
in  fuel  cost  and  energy  for  the  reference  system  are  then  about  $131  million  and 
5.28  thermal  TWH,  equivalent  to  2.83  million  barrels  of  oil. 

Systems  with  TES  burn  no  oil  and  save  the  same  amount  of  gas  as  the  refer- 
ence system.  Partially  offsetting  the  saving  in  oil  is  the  extra  coal  that  must 
be  burned  to  provide  heat  otherwise  produced  by  boilers,  and  to  make  up  the  heat 
lost  in  storage.  The  net  annual  thermal  energy  and  fuel  cost  savings  for  the 
cases  studied  are  summarized  in  Table  5. 

The  fuel  cost  savings  are  a factor  in  evaluating  the  breakeven  operating 
cost  of  TES. 


TABLE  5.  Net  annual  energy  and  fuel  cost  saved  by  TES. 


Case: 

1 

2 

3 

4 

Net  thermal  energy  savings 

TWH/yr 

6.03 

5.43 

5.46 

5.37 

TBtu/yr 

20.6 

18.5 

18.6 

18.3 

* MBOE/yr 

3.22 

2.91 

2.92 

2.87 

% over  reference  system 

14 

3 

3 

2 

Fuel  cost  saving  compared 

to  reference  system,  $M/yr 

16 

14 

14 

14 

* 

Million  barrels  of  oil,  equivalent 

Conclusions 

The  potential  benefits  of  incorporating  aquifer  TES  into  the  proposed  Twin 
Cities  cogeneration-district  heating  system  include: 

• Saving  the  cost  of  installing  boilers 

• Avoiding  problems  of  siting  boilers  at  each  transmission  node 

• Avoiding  air-pollution  problems  of  dispersed  boilers 

• Replacing  oil  burned  in  boilers  with  coal  burned  at  central  cogeneration 
plants 

• Reducing  net  energy  consumption  and  cost 

• Operating  cogeneration  equipment  at  higher  capacity  factor,  to  reduce 
cost  of  both  electricity  and  heat 
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• Permitting  more  economic  cogeneration,  with  backpressure  turbines  instead 
of  extraction  turbines 

• Reducing  the  amount  of  cogeneration  capacity  required 

• Reducing  thermal  pollution  from  power  plants 

• Reducing  the  need  for  cooling  water  or  towers 

• Reducing  size,  cost,  and  heat  losses  of  transmission  pipelines. 

Annual -cycle  aquifer  storage  appears  capable  of  providing  these  benefits. 
REFERENCES 

ATES  Newsletter  (A  Quarterly  Review  of  Aquifer  Thermal  Energy  Storage),  Earth 
Sciences  Division,  Lawrence  Berkeley  Laboratory,  University  of  California, 
Berkeley,  Vol . 1,  No.  4,  September  1979. 

Jaehne,  Herbert,  Michael  Karnitz,  Alan  Rubin,  and  Peter  Margen,  Distriet  Heating/ 
Cogeneration  Application  Studies  for  the  Minneapolis -St.  Paul  Area}  Presented 
at  the  41st  Annual  Meeting  of  the  American  Power  Conference,  Chicago, 
Illinois,  April  23-25,  1979. 

Karnitz,  M.A.,  and  A.M.  Rubin,  "Large-Scale  Cogeneration/District  Heating  Studies 
for  the  Minneapol is-St.  Paul  Area,"  IECEC  Paper  789614,  Proceedings  of  the 
13th  Intersociety  Energy  Conversion  Engineering  Conference , San  Diego,  Cali- 
fornia, August  20-25,  1978;  SAE  P-75,  IEEE  78-CH1372-2  ENERGY,  Society  of 
Automotive  Engineers,  Inc.,  Warrendale,  Pennsylvania,  Vol.  1,  Chap.  8, 
pp  888-894,  1978. 

Margen,  Peter,  et  al , District  Heating/ Cogeneration  Application  Studies  for  the 
Minneapolis-St.  Paul  Area:  Executive  Summary  — Overall  Feasibility  and  Eco- 

nomic Viability  for  a District  Heating/New  Cogeneration  System  in  Minneapolis 
St.  Paul , 0RNL/TM-6830/P2;  Prepared  for  the  Oak  Ridge  National  Laboratory 
under  Subcontract  No.  1 1 Y-l 3502- V ; Studsvik  Energiteknik  AB,  Nykoping, 

Sweden,  August  1979. 

Margen,  Peter,  et  al , District  Heating /Cogeneration  Application  Studies  for  the 
Minneapolis-St . Paul  Area:  Technical  Report  — Overall  Feasibility  and  Eco- 

nomic Viability  for  a District  Heating/New  Cogeneration  System  in  Minneapolis 
St.  Paul3  0RNL/TM-6830/P3;  Prepared  for  the  Oak  Ridge  National  Laboratory 
under  Subcontract  No.  1 1 Y-l 3502-V ; Studsvik  Energiteknik  AB,  Nykoping, 

Sweden,  (in  publication). 

Meyer,  Charles  F.,  Walter  Hausz,  Bonnie  L.  Ayres,  and  Helen  M.  Ingram,  Role  of  the 
Heat  Storage  Well  in  Future  U.S.  Energy  Systems , GE76TMP-27,  (NTIS  PB-263 
480);  Technical  Completion  Report  prepared  for  the  Office  of  Water  Research 
and  Technology,  U.S.  Department  of  the  Interior;  General  Electric  Co.- TEMPO, 
Santa  Barbara,  California,  186  pp,  December  1976. 

Meyer,  Charles  F.,  Potential  Benefits  of  Thermal  Energy  Storage  in  the  Proposed 
Twin  Cities  District  Heating- Cogeneration  System , GE79TMP-44  (ORNL/SUB- 
7604-2);  Final  report  prepared  for  the  Oak  Ridge  National  Laboratory; 

General  Electric  Co. -TEMPO,  Santa  Barbara,  California,  July  1979. 

(ORNL)  Oak  Ridge  National  Laboratory,  Proceedings , District  Heating /Cogeneration 
Symposium , held  in  Minneapolis,  Minnesota,  April  2-3,  1979,  Report  C0NF- 
790401;  Prepared  under  Contract  No.  W-7405-eng-26;  Oak  Ridge,  Tennessee, 
October  1979. 


295 


SIMULATION  AND  EVALUATION  OF  LATENT  HEAT  THERMAL  ENERGY  STORAGE 


HEAT  PUMP  SYSTEMS 

Tony  W.  Sigmon 
Research  Triangle  Institue 

PROJECT  OUTLINE 


Project  Title:  Simulation  and  Evaluation  of  Latent  Heat  TES-Heat  Pump 

Systems 

Principal  Investigator:  A.  Sigmon 

Organization:  Research  Triangle  Institute 

P.  0.  Box  12194 

Research  Triangle  Park,  NC  27709 
Telephone:  (919)  541-5936 


Project  Goals:  Derive  the  relative  value  of  TES  for  heat  pump  storage 

(heating  and  cooling)  as  a function  of  storage  temperature, 
mode  of  storage  (hotside  or  coldside),  geographic 
locations,  and  utility  time-of-use  rate  structures. 

Computer  models  will  be  used  to  simulate  the  performance  of 
a number  of  TES/heat  pump  configurations.  Models  will  be 
based  on  existing  performance  data  of  heat  pump  components, 
available  building  thermal  load  computational  procedures, 
and  generalized  TES  subsystem  design.  Different 
electricity  rate  structures  will  be  assumed  for  each  site. 
Life-cycle  costs  for  each  site,  configuration  and  rate 
structure  will  then  be  computed. 

Project  Status:  The  following  six  cities  have  been  chosen  as  simulation 

sites:  Boston,  MA;  Fort  Worth,  TX;  Miami,  FL; 

Nashville,  TN;  Phoenix,  AZ;  and  Seattle,  WA.  These  cities 
possess  a wide  range  of  climates  and  therefore  offer  the 
opportunity  to  evaluate  the  performance  of  various  TES/Heat 
Pump  configurations  under  a wide  range  of  operating 
constrai  nts. 


Contract  Number: 
Contract  Period: 
Funding  Level : 
Funding  Source: 


DE-AC-01 -79ET-26707 

6 months  (FY  79  continuing  into  FY  80) 
$61,000 

U.S.  Department  of  Energy 
Division  of  Energy  Storage  Systems 


297 


SIMULATION  AND  EVALUATION  OF  LATENT 
HEAT  THERMAL  ENERGY  STORAGE 
HEAT  PUMP  SYSTEMS'1" 

Tony  W.  Sigmon 
Research  Triangle  Institute 

SUMMARY 

A computer  model  is  being  developed  for  the  purpose  of  evaluating  the 
performance  of  a number  of  latent  heat  Thermal  Energy  Storage  (TES)/Heat  Pump 
systems  for  residential  heating  and  cooling  applications.  The  basis  for  this 
evaluation  will  be  system  annualized  life  cycle  cost.  Annual  system  perform- 
ance will  be  determined  at  various  simulation  sites  across  the  continental 
United  States  using  manufacturers  performance  data  for  the  basic  heat  pump 
components  and  the  computed  performance  characteristics  of  a simplified  TES 
subsystem  design.  The  systems  considered  will  be  required  to  satisfy  building 
heating  and  loads  calculated  using  TRNSYS  (Ref.  1)  for  different  imposed 
electricity  rate  structures.  Both  the  TES/Heat  Pump  system  performance  and 
the  load  simulation  model  will  be  driven  by  hourly  weather  data  provided  by 
Sandia  National  Laboratory  (Ref.  2).  By  interfacing  TES/Heat  Pump  performance 
with  these  thermal  loads,  optimum  systems  will  be  selected  for  each  combi- 
nation of  site  and  rate  structure  considered. 

INTRODUCTION 

The  combination  of  heat  pump  systems  combined  with  thermal  energy  storage 
have  the  advantage  of:  1)  providing  a means  of  substituting  lower  cost 

thermal  energy  during  heating  operation  for  that  which  is  normally  supplied  by 
resistance  heaters,  2)  improving  the  efficiency  of  heat  pump  systems  during 
both  heating  and  cooling  operation  and  3)  decreasing  heat  pump  operating  cost 
by  allowing  the  heat  pump  to  operate  primarily  during  periods  in  which  low 
cost  electricity  is  provided  under  time-of-day  (TOD)  electricity  rate  struc- 
tures. Although  the  focus  of  previous  work  has  been  aimed  at  heat  pumps 
combined  with  sensible  heat  storage  subsystems,  the  advantages  associated  with 
latent  heat  storage  has  precipitated  research  and  development  efforts  con- 
sidering latent  heat  TES/Heat  Pump  systems  as  well.  Latent  heat  systems  in 
general  store  more  energy  per  unit  volume  than  do  sensible  heat  systems,  allow 
for  storage  at  constant  temperature  and  do  not  require  the  internal  heat 
exchanger  needed  by  many  sensible  heat  storage  systems. 

This  analysis  will  consider  six  different  TES/Heat  Pump  configurations. 
These  proposed  designs  include:  1)  direct  TES/Heat  Pump  systems  in  which  the 


+ Work  performed  under  contract  to  U.  S.  Department  of  Energy  Contract  No. 
DE-AC-01-79ET- 26707 
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storage  subsystem  is  charged  within  the  refrigeration  cycle  itself  and  dis- 
charged by  direct  heat  exchange  between  indoor  return  air  and  storage 
material,  2)  indirect  systems  that  are  both  charged  and  discharged  within  the 
refrigeration  cycle  of  the  heat  pump,  3)  hybrid  systems  that  act  as  direct 
systems  during  cooling  operation  and  indirect  systems  during  heating  and  4) 
hybrid  systems  that  act  as  indirect  systems  during  both  heating  and  cooling. 
The  storage  subsystem  considered  is  of  a rectangular  design  which  provides  for 
heat  transfer  between  both  storage  material  and  refrigerant  and  storage 
material  and  air. 

For  each  combination  of  simulation  site  and  electricity  rate  structure, 
specific  TES/Heat  Pump  configurations  will  be  optimized  to  determine  the 
combination  of  component  sizes  that  minimizes  life  cycle  costs.  These  indi- 
vidual optimized  systems  will  then  be  ranked  based  on  both  life  cycle  cost 
and  specific  performance  factor  for  the  combination  of  simulation  site  and 
rate  structure  under  consideration. 

THERMAL  LOAD  CHARACTERIZATION 

In  order  to  properly  evaluate  the  performance  of  each  TES/Heat  Pump 
system,  they  must  be  required  to  satisfy  realistic  heating  and  cooling  loads. 
These  thermal  loads  will  be  computed  using  the  TRNSYS  computer  simulation. 

The  methodology  used  in  this  model  follows  ASHRAE  recommended  procedures 
which  utilize  transfer  functions  for  calculating  conduction  heat  gains  and 
losses.  These  heat  gains/losses  are  then  combined  with  other  specified  or 
computed,  sensible  and  latent  heat  loads  to  determine  the  total  hourly  latent 
and  sensible  heat  load  for  the  house.  The  assumption  made  in  this  analysis 
is  that  the  heating/cooling  system  will  exactly  satisfy  these  load  require- 
ments. The  computation  of  these  thermal  loads  requires  that  hourly  (or  any 
other  increment  of  time)  weather  data  be  provided  for  the  entire  simulation 
period  along  with  a general  building  design  and  construction  characteristics. 

Site  Selection 

The  following  six  cities  have  been  chosen  as  simulation  sites:  Boston, 

MA;  Fort  Worth,  TX;  Miami,  FL;  Nashville,  TN;  Phoenix,  AZ;  and  Seattle,  WA. 
These  cities  possess  a wide  range  of  climates  and  therefore  offer  the  oppor- 
tunity to  evaluate  the  performance  of  various  TES/Heat  Pump  configurations 
under  a wide  range  of  operating  constraints. 

The  choice  of  sites  has  been  based  primarily  on  weather  data  provided 
through  the  SOLMET  Typical  Meteorological  Year  (TMY)  weather  tapes  and  work 
completed  by  the  General  Electric  Corporation.  The  TMY  data  consists  of 
hourly  weather  information  for  26  cities  across  the  United  States  for  a 
"typical"  year.  This  typical  weather  year  was  developed  using  data  that  had 
been  collected  over  a number  of  years  for  each  of  the  26  sites.  Using  these 
weather  data,  the  number  of  annual  heating  and  cooling  degree-days  for  each 
of  the  26  sites  was  then  computed. 

Each  of  these  sites  was  then  identified  as  being  within  one  of  12 
climatic  regions  of  the  continental  United  States.  These  regions  were  defined 
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by  the  General  Electric  Corporation  {Ref.  3)  in  a study  entitled  "Regional 
Conceptual  Design  and  Analysis  Studies  for  Residential  Photovoltaic  Systems." 
Simulation  sites  were  then  chosen  based  on  location  and  the  extremes  in 
climatic  conditions  as  given  by  the  heating  and  cooling  degree-days. 

Building  Design 

The  TRNSYS  model  requires  only  a general  description  of  the  design 
itself;  however,  detailed  information  dealing  with  the  construction,  orien- 
tation, and  insulation  levels  of  the  building  must  be  defined.  The  building 
design,  orientation,  and  construction  will  be  the  same  for  each  of  the  sites; 
however,  insulation  levels  will  be  varied  in  order  to  characterize  existing 
practices  in  various  regions  of  the  country. 

The  basic  building  design  will  consist  of  a rectangular,  single  story, 
140  m2  (1500  ft.2)  wood  panel  residence  with  a full  basement.  Although  this 
design  is  not  necessarily  representative  of  that  to  be  found  at  all  of  the 
simulation  sites,  it  does  offer  a reasonable  and  justifiable  approximation 
to  the  design  that  might  exist  at  each  site. 

TES/HEAT  PUMP  SIMULATION 

The  approach  to  be  utilized  in  modeling  the  TES/Heat  Pump  system  is 
based  on  balancing  mass  and  energy  flows  within  the  refrigeration  cycle.  The 
method  to  be  used  follows  the  same  general  procedures  suggested  by  Oak  Ridge 
National  Laboratory  (Ref.  4).  This  procedure  is  as  follows: 

1.  assume  values  for  the  thermodynamic  states  at  various  points 
within  the  cycle; 

2.  find  the  flow  balance  conditions  for  these  assumed  thermodynamic 
states  using  compressor  and  capillary  tube  performance  data; 

3.  for  these  flow  balance  conditions  use  evaporator  and  condenser 
performance  data  to  arrive  at  new  thermodynamic  states;  and 

4.  continue  until  agreement  is  reached. 

Manufacturer's  component  performance  data  will  be  used  for  heat  exchangers, 
compressor  and  expansion  valves  while  a simple  TES  subsystem  will  be  modeled 
in  order  to  compute  storage  subsystem  performance. 

TES/Heat  Pump  Configurations 

The  six  TES/Heat  Pump  configurations  to  be  considered  are  classified 
depending  upon  the  method  used  to  discharge  the  TES  subsystem.  Direct  systems 
are  discharged  by  the  transfer  of  heat  between  the  storage  material  and  the 
indoor  air  stream,  while  indirect  systems  are  discharged  by  using  the  TES 
subsystem  as  a low  temperature  sink  (cooling)  or  high  temperature  source 
(heating)  for  the  heat  pump.  All  six  configurations  involve  charging  the  TES 
subsystem  within  the  refrigeration  cycle  of  the  heat  pump  by  using  the  storage 
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subsystem  as  either  an  evaporator  or  condenser  as  appropriate. 

Figures  1 and  2 show  schematically  two  of  the  six  configurations  which 
are  being  considered.  Figure  1 is  a representation  of  an  indirect  system  that 
stores  thermal  energy  for  use  only  in  the  heating  mode.  The  system  operates 
as  a conventional  heat  pump  during  cooling.  During  the  charging  cycle  the  TES 
subsystem  acts  as  a condenser,  while  at  the  same  time  storing  energy  by  means 
of  the  change  of  phase  of  the  storage  material  from  solid  to  liquid.  During 
discharge,  the  TES  subsystem  then  behaves  as  an  evaporator  for  the  heat  pump 
cycle  and  rejects  heat  to  the  refrigerant  by  means  of  the  change  of  phase 
from  liquid  to  solid.  This  system  offers  the  advantage  of  providing  a rela- 
tively high  temperature  source  for  the  heat  pump  with  the  exact  source  temper- 
ature depending  upon  the  melt  temperature  of  the  storage  material.  A direct 
system  used  for  storage  heating  would  be  charged  by  maintaining  the  storage 
temperature  at  a level  that  could  be  used  for  direct  heating  (40-60°C). 

Figure  2 is  a schematic  of  an  indirect  TES/Heat  Pump  system  used  for 
cooling  purposes.  The  system  operates  as  a conventional  heat  pump  during 
heating  operation.  During  the  cooling  season  the  storage  subsystem  is  charged 
by  converting  the  storage  material  from  a liquid  to  a solid  by  allowing  the 
TES  subsystem  to  act  as  an  evaporator.  The  subsystem  is  then  discharged  by 
reversing  this  process.  This  system  effectively  increases  the  efficiency  of 
the  heat  pump  cycle  by  allowing  the  TES  subsystem  to  act  as  a low  temperature 
sink  for  the  heat  pump  during  discharge  operation.  A direct  system  used  for 
storage  cooling  would  be  charged  by  maintaining  the  storage  temperature  at  a 
level  that  could  be  used  for  direct  cooling  (-1-10°C).  A complete  list  of 
the  configurations  to  be  considered  is  given  in  Table  1. 

TES  Subsystem 

Three  basic  criteria  for  the  selection  of  a TES  subsystem  are:  1)  the 

subsystem  must  have  the  capability  to  transfer  heat  between  the  storage 
material  and  refrigerant  (charging  or  indirect  discharging),  2)  the  subsystem 
must  possess  the  capability  to  transfer  heat  between  the  storage  material  and 
air  (direct  discharging)  and  3)  the  subsystem  must  be  able  to  treat  the 
humidification  problems  associated  with  space  cooling. 

All  of  these  criteria  may  be  addressed  using  the  designs  shown  in 
Figures  3 and  4.  Rectangular  volumes  containing  the  storage  material  will  be 
stacked  in  the  storage  subsystem.  Sandwiched  between  these  volumes  will  be 
refrigerant  coils.  Since  these  coils  will  not  require  the  entire  volume 
between  the  storage  containments,  air  will  be  passed  through  these  spaces  to 
allow  for  direct  discharge.  A closed  form  solution  for  the  resulting  melting 
and  solidification  problem  has  been  found  by  Edwards  (Ref.  5)  and  will  be 
used  to  develop  performance  curves  for  the  storage  subsystem.  This  procedure 
allows  for  a stepwise  solution  along  the  length  of  the  subsystem  for  both 
the  melt/ freeze  and  the  refrigerant  (air)  side  heat  transfer  problems. 

Although  the  parameters  to  be  considered  in  developing  performance  curves 
have  not  as  yet  been  determined,  entering  refrigerant  (air)  temperature, 
refrigerant  (air)  flow  rate,  thickness  of  the  storage  material,  and  length  of 
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the  subsystem  appear  to  be  of  prime  importance  in  determining  both  the  rate 
of  heat  transfer  and  the  total  storage  capacity. 

TES/Heat  Pump  System  Performance 

TES/Heat  Pump  system  performance  will  be  determined  for  each  site  by 
interfacing  together  the  thermal  loads  computed  using  TRNSYS  and  the  refrig- 
eration cycle  performance  for  each  configuration.  For  each  electricity  rate 
structure  system  control  strategies  will  be  developed  that  will  define  the 
operating  strategy  for  each  configuration.  The  intent  of  these  control 
strategies  will  be  to  minimize  system  life  cycle  cost  by  charging  and 
discharging  the  TES  subsystem  at  the  most  opportune  times.  For  each  combi- 
nation of  simulation  site  and  rate  structure  considered,  various  TES/Heat  Pump 
systems  will  be  optimized  to  determine  that  combination  of  component  sizes 
that  minimizes  life  cycle  costs.  These  optimized  systems  will  then  be  ranked 
based  on  life  cycle  cost  and  specific  performance  factor  for  each  combination 
of  simulation  site  and  rate  structure  considered. 
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Table  1.  TES/Heat  Pump  Configurations 
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Figure  1.  Indirect  TES/Heat  Pump  Configuration 
(Storage  Heating  Only) 
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EXPERIMENTAL  EVALUATION  OF  THERMAL  ENERGY  STORAGE 

J.  G.  Asbury  and  H.  N.  Hersh 
Argonne  National  Laboratory 

PROJECT  OUTLINE 


Project  Title:  Demonstration  of  Storage  Heater  Systems  for  Residential 

Applicati ons 

Principal  Investigator:  J.  Asbury 

Organization:  Argonne  National  Laboratory 

9700  South  Cass  Avenue 
Argonne,  IL  60439 
Telephone:  (312)  972-3779 

Project  Goals:  Demonstrate  the  thermal  performance,  utility  impact,  and 

customer  acceptance  of  residential  TES  systems  using 
off-peak  electricity.  Identify  and  define  af ter-the-meter 
TES  R&D  needs. 

Two  separate  demonstrations  are  included.  The  University 
of  Vermont  and  Central  Vermont  Public  Service  Company  are 
collecting  and  analyzing  data  over  two  heating  seasons  for 
17  ceramic  TES  systems,  6 hydronic  TES  systems,  and  19 
control  systems.  The  University  of  Maine  and  Central  Maine 
Power  Company  are  collecting  and  analyzing  data  from  10 
ceramic  TES  systems  and  8 control  systems. 

Project  Status:  Data  were  collected  from  the  first  winter  season.  A survey 

of  customer  attitudes  was  completed. 

Contract  Number:  ANL  189  #49897 

Contract  Period:  FY  79  continuing 

Funding  Level : $590,000 

Funding  Source:  U.S.  Department  of  Energy 

Division  of  Energy  Storage  Systems 
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PROJECT  SUMMARY 


Project  Title:  - Experimental  Evaluation  of  Thermal  Energy  Storage 

Principal  Investigators:  J.G.  Asbury  and  H.N.  Hersh 

Organization:  Special  Projects  Group,  Energy  and  Environmental  Systems  Division 

Argonne  National  Laboratory 
Argonne,  IL  60439 

Project  Goals: 

• Experimentally  validate  the  technical  performance  of  commercially 
available  TES  residential  heating  units  under  severe  U.S.  weather 
conditions. 

• Assess  the  benefits  and  costs  of  TES  to  the  customer,  the  utility 
and  society. 

• Determine  user  acceptance  of  TES. 

• Identify  and  define  TES  issues,  R&D  needs  and  barriers  to  commerciali- 
zation . 

• Establish  uniform  TES  testing  standards. 

Project  Status: 

• Installations  have  been  completed  in  45  test  and  30  control  sites 
and  data  collected;  based  on  results  for  one  heating  season,  and 
comparison  with  electric  baseboard  systems,  the  technical  performance 
of  TES  ceramic  and  hydronic  systems  is  good. 

• A preliminary  assessment  of  the  benefits  and  costs  of  customer -owned 
TES  for  residential  and  commercial  applications  indicates  that  the 
net  returns  to  society  of  such  investments  exceed  their  costs  by  a 
substantial  margin. 

• A user  survey  by  an  independent  organization  indicates  a high  degree 
of  customer  acceptance. 

• Issues  of  proper  rate  design  and  correct  sizing  of  TES  capacity  by 
vendors  and  contractors  have  emerged  and  are  currently  being  examined. 

• A calorimeter  chamber  has  been  built  and  standardized  procedures  for 
testing  TES  modular  units  are  being  developed  as  an  aid  to  commercial- 
ization. 

Contract  Period  - FY80 

Contract  Funding  - $150K 
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EXPERIMENTAL  EVALUATION  OF  THERMAL  ENERGY  STORAGE:  AN  INTERIM  REPORT 


H.N.  Hersh 
Argonne,  IL  60439 


1.  BACKGROUND 

Early  results  from  the  ANL  assessment  of  energy  storage  technologies 
indicated  that  customer-owned  TES  units  of  the  type  used  in  Europe  could 
provide  a cost-effective  means  for  utility  load  management  in  the  U.S.  (1). 

It  was  necessary,  therefore,  that  the  technical  and  economic  viability  of 
this  technology  be  examined  under  U.S.  conditions.  These  conditions  now 
include  a changing  regulatory  atmosphere  encouraging  rate  reform  and,  of 
course,  climatic  conditions  more  extreme  than  in  Europe.  The  region  selected 
for  this  field  study  was  New  England,  with  its  strong  dependence  on  oil  and 
scarcity  of  natural  gas.  Electric  baseboard  heating  is  a major  heating  al- 
ternative in  this  area.  In  Vermont,  utilities  had  already  begun  to  investi- 
gate thermal  energy  storage  and  off-peak  rates  as  one  form  of  load  management 
and  had  instituted  programs  to  reduce  loads  by  direct  utility  control  of  stor- 
age hot  water  heaters. 

2.  SCOPE  AND  OBJECTIVES 

We  report  here  some  results  of  the  first  year's  tests  involving  a col- 
laborative effort  among  ANL,  Purdue  University,  the  Universities  of  Maine  and 
of  Vermont,  and  several  local  cooperating  electric  utility  companies  (Central 
Maine  Power  Co.,  Central  Vermont  Public  Service  Co.,  Green  Mountain  Power  Co. 
and  Vermont  Electric  Cooperative). 

The  principal  objectives  of  the  study  are  to: 

• Validate  the  technical  performance  of  commercially  avail- 
able TES  units  under  severe  U.S.  weather  conditions. 

• Assess  the  benefits  and  costs  of  TES. 

• Determine  potential  customer  and  utility  acceptance  of 
customer-owned  TES. 

• Identify  and  define  TES  issues,  R&D  needs  and  barriers  to 
commercialization . 

• Establish  uniform  TES  testing  standards. 


The  method  adopted  for  achieving  each  objective  is  described  below. 
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3.  FINDINGS 


Since  work  is  still  in  progress  the  findings  reported  here  must  be 
regarded  as  tentative. 

3.1  Technical  Performance 

Field  tests  in  Vermont  and  Maine  are  being  carried  out  to  evaluate  the 
performance  of  TES  systems.  TES  systems  are  operating  in  45  test  homes,  and 
monitoring  equipment  records  the  electric  heating  demand  and  the  inside  and 
outside  temperatures  every  15  minutes  in  these  test  homes  and  in  30  control 
homes.  All  of  the  participating  homes  have  been  energy-audited  by  an  electric 
utility.  Most  of  the  TES  units  in  the  test  homes  are  room-type  ceramic  storage 
heaters,  but  six  hydronic  storage  heaters  and  one  central  ceramic  storage  fur- 
nace are  also  being  tested.  The  control  sites  are  heated  with  conventional 
resistance  baseboard  units.  All  units  were  sized  by  the  vendor  to  meet  the 
full  design-day  heating  load  and  were  commercially  installed. 

During  the  first  heating  season,  data  were  collected  from  34  test  and 
26  control  sites,  with  some  loss  of  data  and  uncertainties  due  to  malfunctions 
in  monitoring  equipment  and  problems  in  magnetic  tape  handling.  Functional 
performance  of  the  TES  systems  has  generally  been  good,  and  it  has  been  con- 
cluded that  TES  units,  if  properly  sized  for  the  home,  perform  well.  This 
preliminary  conclusion  applies  equally  to  dispersed  and  central  ceramic  units 
and  to  hydronic  central  units. 

The  major  criterion  for  this  assessment  was  the  maintenance  of  essentially 
identical  inside  temperatures  in  thermally  matched  test  and  control  homes 
throughout  the  heating  season,  e.g.,  on  typical  wintry  January  days,  on 
October  days  (which  have  more  volatile  temperature  fluctuations) , and  on 
the  coldest  day  of  the  year.  In  Vermont  the  lowest  temperature  recorded 
at  the  sites  was  -28°F  on  February  12,  1979;  in  Maine  70  degree-days  were 
accumulated  on  February  14,  providing  opportunities  to  observe  heating-system 
performance  under  "design"  conditions  and  to  evaluate  shortcomings  in  sizing 
formulas.  Graphical  records  of  daily  electrical  demand  and  inside  temperatures 
of  test  homes  clearly  distinguish  adequately  sized  storage  heating  systems 
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that  use  only  off-peak  electricity  from  those  that  additionally  require  the 
use  of  electricity  generated  during  high-use  times. 

3.2  Social  Benefits  and  Costs 

Studies  of  the  economics  of  TES  in  Maine  and  Vermont  using  a social 
welfare  approach  indicate  that  there  are  net  social  benefits  and  that 
benefits  can  accrue  to  both  user  and  utility  (2,3).  This  conclusion  is 
based  upon  a comparison  of  the  estimated  costs  and  consequent  savings. 

Factors  taken  into  account  include: 

(1)  additional  customer  costs,  compared  to  direct  baseboard 
systems,  of  installed  TES  systems  (room  units  and 
central  furnaces)  in  homes  having  a wide  range  of  heat 
loss; 

(2)  utility  costs  of  special  controls,  meters  and  transformers; 

(3)  utility  returns  due  to  estimated  future  savings  in  foregone 
generation,  transmission  and  distribution  needs  (discounted 
to  present  value. 

In  Vermont,  benefit-cost  ratios  are  estimated  to  be  greater  than  3.4  for  room 
units  and  greater  than  5.6  for  central  units  (3).  The  higher  ratio  for 
central  units  is  due  to  their  lower  capital  cost  per  kilowatt  of  heat  loss. 

In  Maine,  the  total  savings  are  estimated  to  be  about  $344  per  kilowatt 
of  heat  loss,  and  the  additional  capital  cost  with  respect  to  electric  base- 
board heaters  is  about  $225  per  kilowatt  of  heat  loss.  (The  cost  of  electric 
baseboard  heaters  is  about  $150/kW.) 

3.3  Potential  Customer  and  Utility  Acceptance 

A survey  of  users  by  an  independent  research  organization  revealed 
equal  satisfaction  with  storage  heaters  and  with  instant  heaters  (baseboard) . 
The  survey  was  based  on  156  households,  of  which  131  are  heated  via  thermal 
storage  and  25  by  direct  electric  heating  (4).  Over  95%  of  the  owners  of 
homes  with  TES  units  would  recommend  TES  to  a friend  (the  same  as  for  users 
of  baseboard  heaters).  The  improvements  most  frequently  suggested  were 
decreasing  the  physical  size  of  the  room  units  and  improving  their  appearance. 
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Many  utilities  that  have  had  exposure  to,  or  interest  in,  TES  as  a load 
management  tool  feel  it  can  have  a positive  impact.  However,  public  concern 
about  the  environmental  degradation  due  to  the  use  of  nuclear  and  coal  base- 
load fuels  negatively  affects  utility  planning  and  initiative,  creating 
uncertainties  in  the  size  and  stability  of  the  cost  differential  of  baseload 
and  non-baseload  electricity. 

3.4  Issues 

Many  issues  must  be  identified  and  resolved  before  there  can  be  any 
extensive  adoption  of  TES.  Among  them  are  capital  cost  of  TES  equipment, 
correct  sizing  of  the  TES  systems  and  proper  rate  structure. 

• Electricity  Pricing  - The  problem  of  increasing  the  use  of 
TES  is  that  of  transferring  some  of  the  anticipated  utility 
savings  to  the  customer  so  that  TES  will  be  an  attractive 
investment.  The  problem  is  complex.  At  this  time,  based 
on  an  on-going  comparative  analysis,  a load  management 
agreement  between  customer  and  utility  seems  better  than 
either  a time-of-use  rate  format  or  a time-of-use  plus 
demand-charge  rate.  Load  management  agreements  insure 
more  control  of  utility  capacity  growth  and  less  customer 
risk  of  rate  instability. 

• How  Much  Storage?  - The  adoption  of  TES  will  be  very 
sensitive  to  calculating  and  installing  the  proper 
amount  of  storage  heating  capacity.  Preliminary  energy- 
use  studies  of  TES  in  Maine  indicate  that  the  sizing 
method  for  an  8-hour  charge  period  is  marginal  for  ex- 
treme weather  conditions.  Simulation  studies  have  under- 
scored the  potential  problem  of  developing  a shoulder 

peak  of  demand  of  supplemental  heat  which  is  required  toward 
the  end  of  the  on-peak  period.  The  problem  of  supplying 
a building  with  optimal  thermal  storage  capacity  is  one 
of  skirting  the  Charybdis  of  inadequate  storage  capacity 
(which  may  neither  cut  oil  demand  nor  sufficiently  de- 
crease the  need  for  investments  in  new  generating  capacity) 
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and  the  Scylla  of  too  much  installed  storage  capacity  (which 
may  be  so  expensive  that  the  customer  will  not  buy  the  TES 
system) . This  sizing  problem  has  several  interrelated 
elements : 

(1)  the  incentive  of  the  vendor  to  make  a sale  by 
lowering  the  capital  cost  (i.e.,  recommending 
smaller  capacity  than  may  be  required) , 

(2)  the  goal  of  the  customer  or  real  estate  developer 
who  wants  TES  but  wants  to  minimize  initial  cost 
(thereby  impacting  the  utility  on  its  peak  demand 
days), 

(3)  different  sizing  methods  used  by  different  vendors, 
and 

(4)  the  intrinsic  uncertainty  in  the  heating  capacity 
margin  required  by  different  users  and  types  of 
use. 

• Capital  Costs  of  TES  and  Control  Equipment  - Sensible  heat 
storage  devices  and  control  units  are  essentially  simple 
products.  Reducing  the  capital  costs  of  TES  systems  by 
cheaper  manufacturing  methods  and  more  vendor  competition 
can  ameliorate,  to  some  extent,  some  of  the  above  problems 
and  provide  customer  incentive  to  buy  TES  equipment . 

3.5  Testing 

TES  units  of  different  manufacture  can  have  different  characteristics 
and  storage  capacities.  Depending  on  details  of  design,  units  having  the  same 
nominal  rating  and  total  storage  capacity  may  have  different  rates  of  spon- 
taneous radiative  emission,  rates  of  forced  discharge,  hot  air  temperatures, 
storage  medium  temperatures,  etc.  Since  the  units  are  modular,  it  will  be 
possible  to  measure  and  compare  their  thermal  performance  by  appropriate 
calorimetric  techniques.  Simple  electric-input  thermal-output  ratings  can 
then  be  used  by  customers  in  making  buying  decisions  and  total  performance 
characteristics  can  be  used  by  architects  and  others  for  heating-system 
design;  such  available  information  should  accelerate  the  rate  of  commerciali- 
zation. For  this  reason,  developing  and  promulgating  standard  calorimetric 
procedures  that  can  be  duplicated  in  other  laboratories  is  a component  of 
the  ANL  program.  At  Purdue  University  a calorimeter  has  been  built  following 
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the  German  standard  as  described  in  DIN  44572.  Initial  attempts  to  calibrate 
and  use  this  calorimeter  indicated  the  necessity  for  a redesign.  Several 
design  modifications  were  made  and  investigated  experimentally.  The  present 
design  has  greatly  improved  uniformity  in  the  cross-sectional  temperature 
distribution  of  the  outlet  duct  where  the  temperature  of  the  exiting  air  is 
measured.  A 2-kW  room-size  TES  unit  is  soon  to  be  installed  in  the  calori- 
meter chamber  for  testing.  At  the  same  time  a 30-kW  central  unit  is  being 
readied  for  installation  and  initial  calorimetric  measurements  in  a large, 
environmentally  controlled  room. 

4.  COMMENTS 

The  findings  so  far  support  the  expectation  of  earlier  studies: 

TES  is  technically  and  economically  viable  in  winter-peaking  electric 
service  areas  of  the  U.S.  that  rely  on  electricity  for  space  heating, 
where  the  underutilized  baseload  energy  is  supplied  by  coal  or  other 
cheaper  baseload  fuels.  It  is  probably  not  too  early  for  industry  and 
the  government  to  start  those  studies  and  activities  necessary  to 
accelerate  the  introduction  of  sensible-heat  thermal  energy  storage  where 
it  is  deemed  possible  and  desirable.  While  further  studies  are  necessary 
for  solid  documentation,  there  is  presently  a need  for  TES  handbooks, 
seminary  for  potential  suppliers,  installers  and  contractors,  and  the  dis- 
semination of  technical  and  financial  information  to  public  utilities, 
regulatory  commissions,  consumer  groups,  financial  institutions,  etc. 
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DEVELOPMENT  OF  OPTIMUM  PROCESS  FOR  ELECTRON  BEAM  CROSS-LINKING  OF  HIGH 
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HD PE  TES  Pellets 
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Monsanto  Research  Corporation 
1515  Nicholas  Road 
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Project  Goals:  Develop  a thermal  energy  storage  system  based  on  thermally 

form-stable  pellets  of  crosslinked  high-density 
polyethylene  (HDPE)  prepared  by  electron  beam  (EB) 
i rradi ati on. 

The  optimum  EB  irradiation  conditions  for  HDPE  having  the 
highest  possible  heat  of  fusion  will  be  identified.  A 
250-lb  batch  of  the  optimum  material  will  be  prepared  and 
evaluated  in  a 12,000-BTU  pilot  storage  unit.  If  the 
evaluation  proves  promising,  a 15,000-lb  batch  will  be 
prepared,  tested,  and  delivered  to  DOE  (ORNL)  for 
full-scale  application  tests. 

Project  Status:  DuPont  7040  and  8 megarads  have  been  selected  as  the 

optimum  HDPE  and  dose,  respectively.  The  250-lb  batch  has 
been  prepared. 

Contract  Number:  Union  Carbide  Contract  No.  7641 

Contract  Period:  January  1979  - January  1980 

Funding  Level:  $55,000 
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PROJECT  SUMMARY 


Project  Title:  Development  of  Optimum  Process  for  Electron  Beam 

Crosslinking  of  High  Density  Polyethylene  Thermal 
Energy  Storage  Pellets,  Process  Scale-up  and 
Production  of  Application  Quantities  of  Material. 

Principal  Investigator:  Ival  0.  Salyer 

Organization:  University  of  Dayton 

300  College  Park 
Dayton,  Ohio  45469 
Telephone:  (513)  229-4235 

Project  Goals:  The  objective  of  this  project  is  to  define  the 

electron  beam  irradiation  conditions  for  preparing  thermally 
form  stable  polyethylene  pellets  for  a thermal  energy  storage 
application  in  the  temperature  interval  of  120-140°  Celsius. 

Project  Status:  The  objective  of  preparing  thermally  form  stable 

crosslinked  polyethylene  has  been  achieved  by  electron  beam 
irradiation.  The  irradiated  polyethylene  pellets  have 
retained  their  initial  physical  form  and  heat  of  fusion 
after  more  than  100  melt-freeze  cycles  in  ethylene  glycol. 
Although  the  pellets  adhere  to  one  another  at  their  points 
of  contact,  the  pellet  bed  has  remained  porous  to  the  free 
flow  of  the  heat  exchange  fluid.  Tests  of  the  polyethylene 
pellet  bed  have  been  completed  in  the  five  pound  thermal 
energy  storage  test  unit.  Sufficient  polyethylene  has  been 
processed  by  electron  beam  irradiation  to  complete  the 
planned  tests  in  the  250  pound  prototype  thermal  energy 
storage  unit.  We  plan  to  complete  these  tests  in  the  250 
pound  unit  and  issue  a final  report  in  January  1980. 

Contract  Number:  9641 

Contract  Period:  5 January  1979  - 4 January  1980 

Funding  Level:  $54,585 

Funding  Source:  Department  of  Energy,  Division  of  Energy  Storage 

Systems,  Oak  Ridge  National  Laboratory 
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INTRODUCTION 


The  University  of,  Dayton  is  conducting  a program  whose 
purpose  is  to  investigate  the  crosslinking  of  high  density 
polyethylene  by  electron  beam  irradiation.  The  objective  of 
the  program  is  to  define  the  conditions  required  to  prepare 
thermally  form  stable  high  density  polyethylene  by  electron 
beam  irradiation.  High  density  polyethylene  has  a melting 
point  in  the  temperature  interval  of  125-140°  Celsius  and  values 
for  the  latent  heat  of  fusion  has  been  reported  as  high  as  49 
calories  per  gram.  At  its  melting  point,  the  high  density 
polyethylene  changes  from  a white  opaque  crystalline  solid  to  a 
clear  transparent  visco-elastic  liquid  phase.  This  property  was 
especially  useful  in  visual  observations  of  the  pellet  bed  in 
the  thermal  energy  storage  test  column.  The  melting  temperature  of 
polyethylene  makes  it  especially  suited  for  solar  absorption  air 
conditioning.  Further,  polyethylene  melts  congruently  and  can  be 
cycled  repeatedly  through  its  melting  point  with  no  decrease  in 
the  value  of  the  heat  of  fusion.  Although  solar  air  conditioning 
provides  an  important  application  and  supplied  the  initial  impetus 
for  this  investigation,  the  thermal  storage  capability  of  high 
density  polyethylene  should  be  considered  for  applications  which 
will  utilize  the  off-peak  electric  generating  capacity  and/or 
solar  heating  applications. 

In  a previous  investigation  crosslinking  of  polyethylene  by 
chemical  methods  were  investigated.  The  crosslinked  polyethylene 
products  were  found  to  have  excellent  thermal  form  stability  and 
retained  their  initial  value  of  the  heat  of  fusion  after  more  than 
400  cycles  through  the  melting  point.  These  chemical  methods  are 
at  least  as  effective  as  the  polyethylene  products  crosslinked  by 
electron  beam  irradiation  but  only  at  much  higher  costs  per  pound 
of  finished  product.  The  cost  for  preparing  polyethylene  cross- 
linked by  electron  beam  irradiation  are  estimated  to  add  between 
0.5  and  1.0  cents  per  pound  to  the  cost  of  the  polyethylene.  In 
comparison  to  other  materials  being  considered  for  thermal  energy 
storage,  polyethylene  will  require  a significantly  smaller  volume 
and  weight  than  systems  which  utilize  only  sensible  heat  as  the 
storage  mechanism.  Importantly,  polyethylene  can  deliver  this  heat 
energy  which  is  stored  in  the  change  of  phase  at  temperatures  between 
125°  and  140°  Celsius. 


EXPERIMENTAL 

The  principal  objective  of  this  project  has  been  to  define  the 
irradiation  conditions  required  to  prepare  thermally  form  stable 
high  density  polyethylene  (HDPE) . This  objective  has  been 
achieved  through  the  following  experimental  tasks. 
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1.  Evaluate  the  heat  of  fusion  and  the  melting  temperature 
of  several  commercially  available  HDPE  specimens  as  they  are 
delivered  by  the  manufacturer.  It  should  be  noted  that  HDPE  prod- 
ucts presently  available  have  not  been  optimized  on  the  basis  of 
the  value  of  their  heat  of  fusion.  Values  as  high  as  58  calories 
per  gram,  or  even  higher,  may  be  possible  in  HDPE  which  is  more 
completely  crystallizable. 

2.  Select  HDPE  specimens  for  electron  beam  irradiation 
exposures,  and  irradiate  the  selected  materials  to  several 
different  radiation  dosage  levels. 

3.  Evaluate  the  irradiated  HDPE  specimens  for  their  thermal 
form  stability,  retained  heat  of  fusion,  and  their  melting 
temperature. 

4.  Select  the  irradiation  conditions  for  which  the  HDPE 
specimens  are  thermally  form  stable,  cycle  irradiated  HDPE 
samples  through  the  melting  point  in  a five  pound  thermal  energy 
storage  test  column. 

5.  Evaluate  the  performance  of  the  HDPE  specimens  in  the 
five  pound  thermal  energy  storage  test  column. 

6.  Irradiate  HDPE  pellets  for  cyclic  testing  through  the 
melting  point  in  the  250  pound  prototype  thermal  energy  storage 
test  unit. 

7.  Evaluate  the  performance  of  the  irradiated  HDPE  specimens 
in  the  250  pound  test  unit. 

A total  of  13  different  commercially  available  high  density 
polyethylene  specimens  were  obtained  from  five  different  man- 
ufacturers. Listed  in  Table  1 are  the  names  of  the  suppliers, 
the  type  of  high  density  polyethylene,  and  the  nominal  physical 
property  values  supplied  by  the  manufacturer.  The  polyethylene 
specimens  were  supplied  in  the  form  of  pellets  approximately  0.125 
inches  in  diameter  with  the  single  exception  of  the  Phillips  Marlex 
TR-885  which  was  supplied  in  both  pellet  and  powder  forms. 

We  conducted  experimental  measurements  of  the  melting  tem- 
perature and  the  heat  of  fusion  on  each  of  these  13  specimens. 

These  measurements  were  performed  in  our  Perkin-Elmer  Differential 
Scanning  Calorimeter,  Model  DSC-2.  The  HDPE  samples  were  contained 
in  the  standard  Perkin-Elmer  aluminum  pans  and  a nitrogen  atmosphere 
was  maintained  around  the  sample  during  the  measurement.  Measurements 
of  the  melting  temperature  and  the  heat  of  fusion  were  performed 
between  25  and  150  degrees  Celsius  at  heating  and  cooling  rates 
of  10  degrees  Celsius  per  minute.  The  instrument  was  calibrated 
by  measuring  the  area  under  the  time-temperature  scan  during  the 
melting  of  a measured  quantity  of  high  purity  indium. 
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The  melting  and  freezing  of  the  polyethylene  specimens  were 
observed  to  occur  over  a range  of  temperatures.  The  results  of 
these  measurements  are  presented  in  Table  2.  The  values  of  the 
temperatures,  T-^,  T2,  and  T3,  are  the  values  respectively,  at 
which  the  transition  was  observed  to  begin,  the  temperature  at 
which  the  maximum  displacement  was  observed  in  the  time-temperature 
plot,  and  the  temperature  at  the  end  of  the  transition.  An  analysis 
of  the  time-temperature  scans  showed  that  more  than  90  percent  of 
heat  of  the  transformation  occurred  within  ±2  degrees  Celsius  of 
the  temperature,  T„ , even  though  the  heating  and  cooling  rates  were 
10  degrees  Celsius  per  minute. 

Four  of  the  commercial  polyethylene  products  were  selected 
for  the  electron  beam  irradiation  experiments.  These  products 
were,  the  DuPont  7040  pellets,  the  Phillips  TR-885  pellets,  the 
U.  S.  Industrial  Chemicals  LS-630  pellets,  and  the  Gulf  9606  pellets. 
The  three  variables  associated  with  the  electron  beam  irradiation  which 
were  studied  in  our  tests  were: 

1.  the  total  radiation  dose  received  by  the  pellets, 

2.  the  accelerating  potential  of  the  electron  beam, 

3.  the  electron  beam  current, 

4.  the  irradiation  in  inert  atmospheres,  and 

5.  the  effects  of  stirring  the  pellets  during  the 
irradiation . 

The  HOPE  pellets  were  irradiated  at  the  electron  beam  facility  of 
the  Radiation  Dynamics  Incorporated  located  in  Plainview,  New  York. 
Samples  of  the  HDPE  pellets  supplied  by  the  four  different 
manufacturers  were  irradiated  with  an  electron  beam  accelerating 
potential  of  three  million  volts  and  at  an  electron  beam  current 
of  20  milliamperes  to  radiation  doses  of  2,  4,  6,  8,  10,  or  12 
megarads  for  a total  of  24  irradiated  samples.  Tests  were 
performed  at  electron  beam  currents  of  10.3  milliamperes  and  5.65 
milliamperes.  In  these  two  tests  the  HDPE  pellets  were  irradiated 
to  a total  dose  of  eight  megarads  in  the  three  million  volt  facility. 
Tests  were  performed  with  accelerating  potentials  of  1.5  and  4.5 
million  volts.  In  these  tests  HDPE  pellets  were  irradiated  to  a 
total  dose  of  eight  megarads  in  the  1.5  and  4.5  million  volt 
facilities  and  to  12  megarads  in  the  1.5  million  volt  facility. 

The  effect  of  stirring  the  pellets  during  the  irradiation  processing 
was  studied  at  three  million  volts,  20  milliamperes,  and  at  an 
eight  megarad  dose.  Irradiation  exposures  were  performed  with  the 
pellets  under  three  different  atmospheres,  helium,  nitrogen,  and 
carbon  dioxide.  Two  samples  were  irradiated  under  the  carbon 
dioxide  atmosphere.  In  one  case  the  HDPE  pellets  were  given 
a pre- irradiation  heat  treatment  at  100°  Celsius  for  12  hours  in 
the  carbon  dioxide  atmosphere  and  in  the  other  case  they  were 
irradiated  without  the  benefit  of  the  heat  treatment. 
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The  irradiated  polyethylene  pellets  were  evaluated  for  their 
thermal  form  stability;  and  the  values  for  their  melting  points  and 
their  retained  heats  of  fusion  were  measured  in  the  Differential 
Scanning  Calorimeter.  The  thermal  form  stability  of  the  irradiated 
pellets  was  evaluated  by  placing  a small  quantity  of  the  pellets, 
approximately  30  gram  samples,  in  refluxing  ethylene  glycol. 
Prestone  II.  The  pellets  were  maintained  in  the  ethylene  glycol 
at  temperatures  between  145°  Celsius  and  165°  Celsius  for  extended 
time  intervals.  These  tests  showed  that  DuPont  7040  pellets 
maintain  satisfactory  thermal  form  stability  at  radiation  dose 
levels  of  eight  megarads.  Stirring  of  the  pellets  during  the 
irradiation  process  appeared  to  be  beneficial.  The  thermal  form 
stability  of  the  irradiated  pellets  was  unaffected  by  changes  in 
either  the  electron  beam  current  or  the  electron  beam  accelerating 
potential.  There  was  some  improvement  in  the  pellets  which  were 
irradiated  under  the  inert  atmospheres.  The  pre-irradiation  heat 
treatment  at  100°  Celsius  under  the  carbon  dioxide  atmosphere 
minimized  the  adhesion  of  the  pellets  at  their  points  of  contact. 
Typical  results  of  these  tests  are  shown  in  Figure  1. 

The  values  for  the  heats  of  fusion  and  melting  temperatures 
which  were  measured  on  the  irradiated  pellets  are  presented  in 
Table  3.  No  significant  change  was  observed  in  the  values  of 
the  melting  temperature  of  the  polyethylene  pellets  as  a function 
of  the  radiation  dose.  All  of  the  irradiated  pellets  show  a trend 
toward  slightly  lower  values  for  the  heat  of  fusion  with  increasing 
radiation  dose  levels. 

Three  irradiated  polyethylene  materials  were  evaluated  in  the 
five  pound  thermal  energy  storage  test  column.  The  materials  which 
were  tested  are  the  DuPont  7040  pellets,  the  U.  S.  Industrial 
Chemicals  LS-630  pellets,  and  the  Gulf  9606  pellets.  All  of  the 
pellets  had  received  an  eight  megarad  dose  in  the  electron  beam. 

The  temperatures  of  the  ethylene  glycol  were  measured  as  a function 
of  time  at  the  inlet  and  outlet  ports  of  the  thermal  energy  storage 
column,  and  the  temperature  within  the  polyethylene  pellet  bed  was 
measured  at  a point  which  was  located  approximately  six  inches 
from  the  inlet  port.  This  distance  is  one  third  of  the  length 
of  the  storage  column.  The  five  pound  thermal  energy  storage  test 
unit  is  shown  in  Figure  2.  The  polyethylene  pellet  bed  was  cycled 
between  100°  Celsius  and  145°  Celsius  through  more  than  100  complete 
cycles.  The  melting  and  freezing  of  the  pellet  bed  was  observed 
by  the  thermal  arrest  of  the  thermocouples.  The  melting  and 
freezing  of  the  pellet  bed  was  confirmed  by  a visual  observation 
of  the  pellet  bed  through  an  observation  port  in  the  side  of  the 
storage  column.  A typical  plot  during  the  cooling  cycle  of  the 
temperatures  at  the  inlet  and  outlet  ports  and  within  the  pellet 
bed  itself  is  presented  in  Figure  3.  As  shown  in  this  figure 
the  temperature  of  the  ethylene  glycol  at  the  inlet  port  drops 
rapidly  to  100°  Celsius.  The  temperature  measured  within  the 
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pellet  bed  shows  the  thermal  arrest  as  the  pellet  bed  freezes  at 
that  point,  and  'the  temperature  of  the  ethylene  glycol  at  the 
outlet  port  remains  at  the  freezing  temperature  of  the  pellet 
bed  until  the  solidification  of  the  polyethylene  is  completed. 

The  completion  of  the  freezing  of  the  pellet  bed  is  observed  by 
the  rapid  drop  in  temperature  of  the  ethylene  glycol  at  the 
outlet  port  of  the  storage  column.  The  time-temperature  plots 
of  the  storage  column  after  more  than  100  cycles  were  compared 
to  the  time-temperature  plots  which  were  measured  before  the 
accumulation  of  the  heating  and  cooling  cycles.  This  comparison 
of  the  performance  of  the  storage  column  before  and  after  the 
cycling  tests  did  not  show  any  significant  differences.  The 
condition  of  the  pellets  after  their  removal  from  the  storage 
column  is  shown  in  Figure  4.  Although  the  pellets  had  adhered 
to  one  another  at  their  points  of  contact,  the  pellet  bed  had 
maintained  an  open  porous  structure  throughout  the  thermal  cycling 
tests.  The  pellet  bed  did  not  exhibit  any  increased  resistance 
to  the  flow  of  the  ethylene  glycol  as  the  number  of  heating  and 
cooling  cycles  increased. 

The  DuPont  7040  pellets  with  a radiation  dose  of  eight 
megarads  were  selected  for  evaluation  in  the  250  pound  prototype 
thermal  energy  storage  unit.  This  unit  is  shown  in  Figure  5. 

The  apparatus  has  been  installed  and  is  ready  for  the  scaled- 
up  tests  of  the  performance  of  the  polyethylene  pellet  bed.  A 
sufficient  quantity  of  the  DuPont  7040  pellets  have  been  irradiated 
to  a dose  of  eight  megarads  to  completely  fill  the  250  pound  unit. 
The  irradiation  of  the  pellets  was  accomplished  at  the  Radiation 
Dynamics  Incorporated  electron  beam  facility.  We  expect  to  begin 
this  series  of  thermal  cycling  tests  this  week. 


RESULTS 


During  the  course  of  this  project  we  have  established: 

1.  that  the  crosslinking  of  the  polyethylene  is  dependent 
primarily  on  the  total  radiation  dose  of  the  material  and  is  not 
dependent  either  on  the  accelerating  potential  of  the  electrons 
or  the  electron  beam  current, 

2.  that  polyethylene  pellets  irradiated  to  a dose  of  eight 
megarads  have  sufficient  thermal  form  stability  and  retained  heat 
of  fusion  to  be  utilized  as  a thermal  energy  storage  material, 

3.  that  the  polyethylene  pellets  can  be  satisfactorily 
irradiated  in  air.  Pellets  irradiated  in  carbon  dioxide  or 
nitrogen  atmospheres  show  less  propensity  to  adhere  together 
after  being  thermally  cycled  above  their  melting  point. 
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4.  that  the  heat  of  fusion  of  the  irradiated  pellets 
shows  a trend  toward  slightly  lower  values  with  increasing  value 
of  the  radiation  dose, 

5.  no  change  was  observed  in  the  melting  point  of  the 
pellets  with  increased  radiation  doses, 

6.  that  the  irradiated  pellets  will  adhere  at  their  points 
of  contact  in  an  unstirred  pellet  bed  when  heated  above  their 
melting  point;  in  a stirred  bed  the  pellets  do  not  adhere  together 
even  when  heated  above  their  melting  points  for  extended  time 
periods,  and 

7.  that  pellets  irradiated  to  a dose  of  eight  megarads  will 
maintain  an  open  porous  structure  even  after  repeated  thermal 
cycling  through  their  melting  point.  Free  flow  of  the  heat 
transfer  fluid  through  the  pellet  bed  was  observed  after  more 
than  100  cycles  through  the  melting  point  of  polyethylene. 


Future  Work:  Based  on  the  encouraging  results  we  have  obtained 

on  the  electron  beam  irradiation  of  high  density  polyethylene 
we  recommend  that  Task  3 be  implemented.  The  objective  of 
Task  3 is  the  preparation  of  15,000  pounds  of  electron  beam 
crosslinked  polyethylene  pellets,  the  evaluation  of  the  cross- 
linked  material  on  a laboratory  and  pilot  plant  side,  and  the 
implementation  of  a full-scale  applications  test. 

Acknowledgement:  This  work  was  performed  at  the  University  of 

Dayton  under  ORNL  Sub  9641  by  the  following  personnel:  I.  0. 

Salyer,  J.  E.  Davison,  R.  Chartoff,  and  J.  E.  Minardi.  The 
electron  beam  irradiation  of  the  polyethylene  pellets  was 
performed  in  the  facilities  of  the  Radiation  Dynamics 
Incorporated  at  Plainview,  New  York. 
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TABLE  1 


HIGH  DENSITY  POLYETHYLENE  SPECIMENS 
RECEIVED  FOR  EVALUATION 


Supplier  High  Density  Polyethylene  Melt  Index*  Density* 

dg . /min . g/cc 


1 . DuPont 

Alathon  7040,  Pellets 

6.0 

0.96 

Alathon  7050,  Pellets 

17.5 

0.96 

2.  Phillips  Petroleum 

Marlex  TR-885,  Powder 

30 

0.964 

Mar lex  TR-885 , Pellets 

30 

0.964 

6006,  Pellets 

0.7 

0.958 

6030,  Pellets 

3 

0.960 

3.  U.  S.  Industrial 

LS-556,  Pellets 

8 

0.955 

Chemicals  Co. 

LS-606,  Pellets 

10 

0.962 

LS-630,  Pellets 

32 

0.962 

4 . Dow 

8064,  Pellets 
1-12065,  Pellets 
4-2060,  Pellets 

5.  Gulf 

9606,  Pellets 

‘nominal  values  supplied 

by  vendor 

TABLE  2 

MELTING  TEMPERATURE  AND  ENTHALPY  OF  FUSION 
OF  HIGH  DENSITY  POLYETHYLENE  SPECIMENS 


Sample 

Temp 

°K 

Enthalpy  of 
fusion 

Temp. 

°K 

Enthalpy 

fusion 

T1 

T2 

T3 

cal/g 

T1 

T2 

T3 

cal/g 

7040 

382 

408 

412 

46.2 

393 

388 

364 

48.2 

7050 

385 

406 

410 

47.3 

393 

387 

370 

44.2 

TR-855, 

Powder 

384 

406 

409 

47.6 

395 

390 

369 

50.5 

TR-855, 

Pellets 

388 

407 

410 

46.6 

394 

390 

377 

46.0 

6006 

384 

411 

420 

47.1 

398 

392 

365 

49.1 

6030 

383 

408 

412 

44.4 

396 

392 

368 

47.4 

LS-556 

385 

406 

410 

38.2 

393 

390 

377 

41.2 

LS-606 

384 

407 

410 

45.6 

395 

391 

372 

44.6 

LS-630 

381 

407 

411 

47.3 

394 

390 

367 

45.6 

8064 

390 

407 

411 

43.7 

394 

389 

375 

43.2 

1-12065 

387 

407 

411 

40.5 

395 

390 

370 

42.2 

4-2060 

389 

406 

410 

42.4 

393 

386 

372 

43.4 

9606 

370 

405 

410 

45.6 

394 

389 

360 

43.3 
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TABLE  3 


THE  ENTHALPY  OF  FUSION  AND  THE  MELTING  TEMPERATURE  OF 
HDPE  PELLETS  AS  A FUNCTION  OF  ELECTRON  BEAM  IRRADIATION 


Sample 


7040 


TR-885 


LS-630 


Gulf  9606 


Heating  Cycle  Cooling  Cycle 

Radiation  Level  Temp.  Enthalpy  of  Enthalpy  of 


megarad 

°K 

Fusion 

Fusion 

T1 

T2 

T3 

cal/g 

T1 

T2 

T3 

cal/g 

as 

received 

382 

408 

412 

46.2 

393 

388 

364 

48.2 

2 

373 

408 

412 

42.8 

393 

388 

362 

40.5 

4 

373 

408 

414 

43.2 

393 

387 

361 

40.9 

6 

371 

406 

411 

39.9 

393 

387 

362 

38.8 

8 

369 

407 

411 

42.9 

393 

388 

363 

40.1 

10 

373 

405 

410 

40.4 

393 

387 

361 

40.0 

12 

371 

405 

410 

37.9 

393 

387 

363 

35.7 

81 

373 

406 

412 

38.0 

393 

387 

368 

36.6 

82 

373 

406 

412 

39.8 

392 

386 

363 

38.8 

83 

373 

404 

409 

37.9 

393 

387 

364 

36.4 

as 

received 

388 

407 

410 

46.6 

394 

390 

377 

46.0 

2 

376 

406 

409 

48.7 

394 

390 

360 

48.8 

4 

377 

406 

409 

48.7 

394 

390 

362 

46.7 

6 

373 

407 

410 

51.0 

394 

390 

360 

50.2 

8 

373 

406 

411 

40.7 

392 

388 

360 

40.5 

10 

373 

406 

411 

40.2 

393 

388 

362 

40.2 

12 

373 

405 

411 

39.7 

393 

389 

364 

41.5 

as 

received 

381 

407 

411 

47.3 

394 

390 

367 

45.6 

2 

372 

405 

408 

45.4 

394 

390 

361 

48.3 

4 

373 

406 

409 

47.8 

393 

389 

361 

45.3 

6 

373 

406 

410 

49.0 

393 

390 

360 

46.2 

8 

373 

406 

411 

43.6 

392 

390 

360 

40.4 

10 

372 

406 

411 

42.0 

392 

388 

359 

40.7 

12 

373 

405 

409 

42.9 

393 

390 

360 

38.9 

as 

received 

370 

405 

410 

45.6 

394 

389 

360 

43.3 

2 

369 

405 

409 

41.1 

393 

389 

361 

39.4 

4 

368 

405 

410 

41.8 

393 

388 

360 

36.3 

6 

371 

404 

409 

35.2 

392 

387 

360 

35.0 

8 

367 

403 

407 

35.5 

392 

388 

360 

33.0 

10 

366 

401 

406 

35-7 

393 

387 

360 

31.7 

12 

367 

401 

406 

37.0 

395 

387 

360 

34.3 

NOTES:  1.  electron  beam  current  - 10.30  milliamperes 

2.  electron  beam  current  - 5.65  milliamperes 

3 . HDPE  stirred  during  radiation  exposure 
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(a) 


(b) 


Condition:  as  received 

Time:  2 hour  exposure 


Condition:  4 megarad  dose 

Time:  2 hour  exposure 


(c) 

Condition:  8 megarad  dose, 

unstirred 

Time:  72  hour  exposure 


(d) 

Condition:  8 megarad  dose, 

This  sample  was  thoroughly 
stirred  after  each  2 megarad 
exposure  during  the  electron 
beam  processing 

Time:  96  hour  exposure 


Figure  1.  DuPont  7040  pellets  after  exposure  in  boiling 
ethylene  glycol. 
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DISPERSED  ENERGY  STORAGE  ANALYSIS* 

R.  A.  Whisnant  and  J.  W.  Harrison 
Research  Triangle  Institute 

SUMMARY 

The  objective  of  this  project  is  twofold:  (1)  to  develop  and  demonstrate 

a methodology  that  may  ultimately  be  used  by  DOE/STOR  in  the  planning  and  con- 
trol of  storage  technologies,  and  (2)  to  perform  technical  and  economic  anal- 
yses for  the  evaluation  of  specific  storage  systems.  The  focus  of  the  work  is 
on  dispersed  (primarily  customer  side  of  the  meter)  thermal  energy  storage  with 
particular  attention  being  given  to  the  comparison  of  dispersed  storage  with 
centralized  storage.  The  contract  for  this  study  was  initiated  near  the  end 
of  FY79  and  there  are  no  reportable  results  at  this  time  (12/1/79.)  An  anal- 
ysis of  latent  thermal  energy  storage  for  residential  heat  pump  applications 
being  carried  out  under  the  same  contract  is  described  in  a separate  paper. 


* Work  being  performed  under  Contract  No.  DE-AC-01 -79ET-26707  for  Division  of 
Energy  Storage,  U.  S.  Department  of  Energy 


329 


RESEARCH  AND  TECHNOLOGY 


Program  Area  Synopsis: 

This  development  program  will  establish  an  advanced  technology  base 
which  will  lead  to  improved  thermal  energy  storage  concepts  and  designs 
for  existing  baseline  storage  subsystems.  Generic,  high  risk 
technologies  will  be  evaluated  and  appropriate  development  efforts  for 
promising  technologies  will  be  initiated.  A close  liaison  will  be 
maintained  with  SERI  to  select  and  coordinate  the  development  of  those 
technologies  that  offer  significant  advancment  based  upon  the  results  of 
current  SERI  studies.  This  activity  includes  the  management  of  current 
contracts  and  grants,  and  the  NASA-Lewis  Research  Center  in-house 
storage  tests. 
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RESEARCH  AND  ADVANCED  TECHNOLOGY 
OVERVIEW 


Richard  W.  Vernon 
NASA- Lewis  Research  Center 


During  FY  79-80,  NASA  Lewis  Research  Center  has  served  as  the  lead  center 
for  DOE/STOR's  Thermal  Energy  Storage  Program.  The  activities  of  the  lead 
center  include  coordinating  a research  and  technology  development  program 
and  managing  several  of  the  efforts  within  that  program.  The  program  has 
three  objectives.  The  first  objective  is  to  establish  advanced  tech- 
nologies for  TES  systems  to  improve  upon  baseline  system  performance 
and/or  lower  storage  system  costs.  The  second  objective  is  to  resolve 
problems  that  are  generic  to  several  applications.  Typical  examples  of 
these  problems  are  requirements  for  improved  heat  transfer  and  identifica- 
tion of  suitable  storage  media  or  appropriate  containment  materials.  The 
third  objective  is  to  provide  any  support  required  for  the  development  of 
baseline  TES  systems. 

The  research  and  technology  development  program  consists  of  several  types 
of  activities.  New  storage  concepts  are  identified  and  then  assessed  to 
determine  performance  and  cost  potentials  and  identify  required  technology 
developments.  Materials  that  are  candidates  for  TES  media  are  investi- 
gated to  determine  heat  transfer  and  corrosion  characteristics.  Proof-of- 
concept  experiments  are  conducted  for  the  concepts  that  have  the  most 
potential.  Another  activity  is  the  engineering  evaluation  of  prototype 
storage  modules  to  evaluate  present  technology.  There  are  two  character- 
istics that  are  common  to  most  of  these  activities.  The  activities  are 
relatively  short-term  projects  and  usually  include  laboratory  or  bench 
scale  experiments. 

Many  of  the  projects,  especially  those  that  are  focused  on  a specific 
application,  are  originated  at  and  implemented  by  the  lead  laboratories. 
The  projects  may  be  conducted  by  a private  organization  on  contract  to  the 
lead  laboratory  or  may  be  conducted  in-house.  The  functions  of  the  lead 
center  are  to  coordinate  the  various  projects  between  the  organizations 
involved,  to  recommend  projects  that  are  focused  on  a specific  applica- 
tion, and  to  conduct  investigations  that  address  issues  generic  to 
several  applications.  The  individual  lead  laboratories  have  described  the 
research  and  advanced  technology  projects  they  are  managing.  The  projects 
being  managed  by  NASA  Lewis  Research  Center  are  shown  in  figure  1. 
Summaries  of  the  projects  being  conducted  by  Honeywell,  Inc.  and  the  Naval 
Research  Laboratory  are  presented  immediately  following  this  presentation. 
Objectives  and  the  status  of  the  remaining  projects  are  presented  in 
figures  2 through  6.  For  further  information  refer  to  the  project 
sunmaries  that  are  included  in  the  compendium  distributed  at  the  meeting 
or  to  the  reports  for  each  project  that  will  be  included  in  the 
proceedings  of  this  meeting. 
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RESEARCH  AND  ADVANCED  TFCUNpf  DAY 

NASA-LEWIS  ACTIVITIES 

o IMPROVED  HEAT  TRANSFER  FOR  PCM 
GRUMMAN  AEROSPACE  CORPORATION 
HONEYWELL  INCORPORATED 

o MEDIA  FOR  HIGH  TEMPERATURE  APPLICATIONS 
INSTITUTE  OF  GAS  TECHNOLOGY 
UNIVERSITY  OF  DELAWARE 

o TES  FLOW  TEST  FACILITY 
CONTRACTOR  TBD 

o TES  MODULE  EVALUATION 
IN-HOUSE 

o ENERGY  STORAGE-BOILER  TANK 
NAVAL  RESEARCH  LAB 


Figure  1 


RESEARCH  AND  ADVANCED  TECHNOLOGY 
IMPROVED  HEAT  TRANSFER  FOR  PCM 


nR.IFf.TIVF:  DEVELOP  ACTIVE  HEAT  EXCHANGE  CONCEPTS 

CONTRACTOR:  GRUPTAN  AEROSPACE  CORPORATION 

CONTRACT  NO.  DEN  3-38 

STATUS:  MEDIA  SELECTED 

EUTECTIC  MIXTURE  KCl,  NaCl,  MgCl2 

CONCEPTS  SELECTED 

o DIRECT  CONTACT  HEAT  EXCHANGER 
TESTS  IMMINENT 
o ROTATING  DRUM  SCRAPER 
BEING  FABRICATED 


Figure  2 
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RESEARCH  AND  ADVANCED  TECHNOLOGY 


RESEARCH  AHD  ADVANCED  TECHNOLOGY 


MEDIA  FOR  HIGH  TEMPERATURE  APPLICATIONS 

OBJECTIVE:  IDENTIFY  CANDIDATE  MEDIA  AND  DETERMINE  PROPERTIES 

CfflURACIQfi:  INSTITUTE  OF  GAS  TECHNOLOGY 

CONTRACT  NO.  DEN  3-156 

SIAIUS:  CARBONATE  MEDIA  SELECTED 

PURE  SALTS  - K2C0j,  LiCOj,  Na2C03 
EUTECTIC  MIXTURES  - BaC03/Na2C03,  Na2C03/K2C03 
OFF-EUTECTIC  - Na2C03/K2C03 

COMPATIBILITY  TESTS  SCHEDULED  EARLY  '80 

Figure  3 


MEDIA  FOR  HIGH  TEMPERATURE  APPLICATIONS 

QBJEI1YE;  IDENTIFY  CANDIDATE  MEDIA  AND  DETERMINE  PROPERTIES 

CONTRACTOR;  UNIVERSITY  OF  DELAWARE 
GRANT  NO.  - NSG  3180 

STATUS:  METAL  ALLOYS  IDENTIFIED  CONTAINING 

Mg,  Si,  Al,  Cu,  Zn 

METHOD  DEVELOPED  TO  MEASURE  VOLUME  CHANGE 
X-RAY  ABSORPTION  TECHNIQUE 

CONTAINMENT  MATERIAL  STUDY  INITIATED 
SILICON  CARBIDE 

Figure  4 


RESEARCH  AND  ADVANCED  TECHNOLOGY 
TES  MODULE  EVALUATION 

OBJECTIVE:  EVALUATE  TECHNOLOGY  OF  PROTOTYPE  HARDWARE 

MODULE  DESCRIPTION: 

CALMAC  MANUFACTURING  CORPORATION 
Na2S0(j  (SOLID-SOLID  PCM) 

ELECTRICALLY  HEATED,  THERMINOL  66 
800,000  BTU 

THREE  PELLET  CONFIGURATIONS 
STATUS:  TESTS  RECENTLY  INITIATED 

Figure  5 


RESEARCH  AND  ADVANCED  TECHNOLOGY 
TES  MODULE  EVALUATION 

OBJECTIVE:  EVALUATE  TECHNOLOGY  OF  PROTOTYPE  HARDWARE 

MODULE  DESCRIPTION: 

COMSTOCK  A WESCOTT 

ELECTRICALLY  HEATED,  NaOH  (PCM)  HOT  HATER 
600,000  BTU 

STATUS:  PERFORMANCE  CHARACTERIZATION  COMPLETE 

LIFE  TESTING  INITIATED 
DEVELOPMENT  AREAS  IDENTIFIED 
MODIFIED  UNIT  TO  BE  INSTALLED 

Figure  6 
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ACTIVE  HEAT  EXCHANGE  SYSTEM  DEVELOPMENT  FOR  LATENT  HEAT 
THERMAL  ENERGY  STORAGE 


Richard  T.  LeFrois 
Honeywell,  Inc. 

PROJECT  OUTLINE 

Project  Title:  Active  Heat  Exchanger  System  Development  for  Latent  Heat 

Thermal  Energy  Storage 

Principal  Investigator:  Richard  T.  LeFrois 

Organization:  Honeywell,  Inc. 

Energy  Resources  Center 
2600  Ridgeway  Parkway 
Minneapolis,  MN  55413 
Telephone:  (612)  378-4940 

Project  Goals:  Develop  an  active  heat  exchange  system,  utilizing  a phase 

change  thermal  storage  medium,  where  operating 
characteristics  are  compatible  with  a 250°  to  350°C 
steam  power  cycle. 

Identify  and  select  concepts  for  test. 

Design,  fabricate,  assemble  and  test  laboratory  scale 
modules. 

Evaluate  results. 

Recommend  further  development  requirements. 
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ACTIVE  HEAT  EXCHANGE  SYSTEM 
DEVELOPMENT  FOR  LATENT  HEAT 
THERMAL  ENERGY  STORAGE 

R.  T.  LeFrois 

Honeywell  Inc.,  Technology  Strategy  Center 


SUMMARY 


Alternative  mechanizations  of  active  heat  exchange  concepts  were  analyzed 
for  use  with  heat  of  fusion  Phase  Change  Materials  (PCM's)  in  the  temperature 
range  of  250  to  350  C for  solar  and  conventional  power  plant  applications. 

Over  24  heat  exchange  concepts  were  reviewed,  and  eight  were  selected  for  de- 
tailed assessment.  Two  candidates  were  chosen  for  small-scale  experimentation: 
a coated  tube  and  shell  heat  exchanger  and  a direct  contact  reflux  boiler. 

A dilute  eutectic  mixture  of  sodium  nitrate  and  sodium  hydroxide  was  se- 
lected as  the  PCM  from  over  fifty  inorganic  salt  mixtures  investigated.  Based 
on  a salt  screening  process,  eight  major  component  salts  were  selected  for 
further  evaluation.  Using  an  economic  assessment  program  coupling  the  candi- 
date salt  mixtures  and  heat  exchange  concepts,  NaNO^,  NaN0„,  and  NaOH  appeared 
to  be  the  best  major  components  in  the  temperature  range  of  250  to  350  C.  The 
minor  components,  selected  in  similar  fashion,  are  NaOH,  NaOH,  and  NaNO^,  re- 
spectively. 

Preliminary  experiments  with  various  tube  coatings  indicated  that  a nickel 
or  chrome  plating  or  Teflon  or  Ryton  coating  had  promise  of  being  successful. 

An  electroless  nickel  plating  was  selected  for  further  testing.  A series  of 
tests  with  nickel-plated  heat  transfer  tubes  showed  that  the  solidifying  sodium 
nitrate  adhered  to  the  tubes  and  the  experiment  failed  to  meet  the  required 
discharge  heat  transfer  rate  of  10  kW(t) . 

Testing  of  the  reflux  boiler  is  under  way.  Direct  injection  of  cool 
high-pressure  water  as  a spray  into  the  ullage  was  accomplished  and  steam  was 
generated.  The  injected  water  was  compatible  with  the  salt  mixture  under  the 
conditions  imposed.  An  improved  injector  and  a modified  water  preheater  are 
being  readied  for  "full  up"  testing. 


INTRODUCTION 


Thermal  energy  storage  (TES)  is  important  for  efficient  use  of  energy  re- 
sources. Advanced  storage  technologies  can  improve  the  operation  and  economics 
of  electric  power  systems  by  storing  excess  off-peak  energy  for  later  use  in 
meeting  peak  demands. 
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In  electric  utilities,  baseload  is  the  round-the-clock  load  that  is  met 
with  the  most  fuel-efficient  equipment.  As  the  daily  load  increases,  the  util- 
ity incrementally  brings  the  next  most  efficient  equipment  on-line.  For  the 
near  term,  energy  storage  can  effectively  increase  the  use  of  existing  baseload 
equipment.  In  the  longer  term,  energy  storage  can  increase  the  percentage  of 
baseload  capacity.  Thus,  there  is  an  economic  incentive  for  utilities  to  use 
baseload  plants  to  meet  the  peaking  loads  now  met  by  less  fuel-efficient  equip- 
ment . 


Energy  storage  is  a practical  necessity  for  solar -thermal  generation  of 
electric  power.  It  is  necessary  for  plant  stability  and  control  issues  related 
to  high-frequency  solar  transients.  Two  techniques  can  be  used  to  maintain  the 
reliability  of  the  grid  with  a large  solar  plant  on  the  line.  In  the  first 
technique,  the  solar  plant  is  backed  up  with  a conventional  plant  that  is 
pressed  into  service  as  needed  after  available  instantaneous  solar  power  has 
been  supplied  to  the  grid.  The  second  technique  controls  the  delivery  of  power 
to  the  grid  so  that  the  collected  energy  can  be  stored  when  it  is  available  and 
not  needed  to  meet  grid  demand.  This  stored  energy  becomes  available  for  elec- 
tric generation  when  the  demand  is  high  and  direct  insolation  is  not  available. 

For  these  applications,  the  specific  operating  conditions  and  machinery 
typically  used  in  power  plants  needs  to  be  considered.  The  operational  regime 
of  conventional  turbomachinery  is  shown  in  Figure  1.  In  Figure  2 operating 
conditions  for  current  and  advanced  solar  power  plants  and  for  utility  systems 
are  shown  with  corresponding  entry  flow  temperatures.  Notice  that  most  of  the 
steam  power  plants  operate  within  a band  of  4.1  MPa  to  16.5  MPa  (600  psia  to 
2400  psia);  the  saturation  temperatures  corresponding  to  these  pressures  are 
between  250°  and  350°C. 

Heat  from  storage  is  used  to  boil  water  and  provide  high-temperature  steam 
to  the  plant.  To  provide  steam  at  250  to  350  C,  heat  should  be  stored  at  a 
temperature  greater  than  the  desired  steam  temperature.  With  an  assumed  tem- 
perature drop  of  18  C,  the  useful  temperature  range  for  storage  media  is  from 
268  to  368  C.  Salts  with  melting  points  up  to  400  C were  thus  considered  in 
PCM  selection. 


SELECTION  OF  HEAT  EXCHANGE  CONCEPTS 


A candidate  heat  exchange  concept  applicable  to  latent  heat  thermal 
storage  units  must  be  capable  of  transferring  heat  from  a source  into  the 
frozen  medium  causing  it  to  melt.  Likewise,  the  concept  must  be  capable  of 
transferring  the  thermal  energy  stored  in  the  medium  to  a sink  while  the 
medium  undergoes  a solidification  process.  In  both  cases,  the  concept  should 
permit  relatively  high  heat  transfer  rates  while  undergoing  the  phase  changes. 

Because  of  Honeywell's  experience  using  inorganic  salts  with  active  heat 
exchange  devices,  a dilute  eutectic  medium  was  used  as  a basis  in  formulating 
candidate  concepts.  Experience  in  working  with  dilute  eutectic  media  indicates 
that  the  charging  or  melting  process  is  not  a critical  issue;  heat  transfer 
during  solidification  from  the  melt  is  the  major  issue. 
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A survey  of  heat  transfer  and  chemical  processing  literature  was  made  to 
determine  the  equipment  used  industrially  and  the  chemical  and  physical  pro- 
cesses exploited  in  extracting  the  latent  heat  of  fusion  from  a melt.  An  in- 
vestigation of  crystallization  process  was  performed  to  determine  if  existing 
industrial  methods  might  be  directly  applicable  to  or  provide  new  ideas  for 
latent  heat  storage  design. 

The  processing  literature  is  limited  in  coverage  of  heat  exchanger  crys- 
tallizers, as  this  approach  has  often  been  disregarded  in  favor  of  alternatives. 
The  major  design  and  operating  problem  of  a cooling  crystallizer  is  crystal  de- 
posits on  the  heat  exchanger  tubes.  Once  this  takes  place,  the  accumulation 
can  increase  rapidly,  and  not  only  does  the  heat  transfer  from  the  molten  salt 
decrease  dramatically,  but  the  solids  are  not  in  a mobile  form  for  pumping. 
Following  is  a list  of  different  methods  used  in  the  past  and  innovative  ideas 
put  forth  by  Honeywell  engineers  to  overcome  the  solid  film  problem. 

• Mechanical  Solids-removing  Techniques: 

- Agitation 

- Vibration 

- Ultrasonics 

- Internal  surface  scrapers 

- External  surface  scrapers 

- Flexing  surfaces 

- Tumbling  solids 

- Fluidized  beds 

• Hydraulic  Techniques: 

- Flow  variations 

- Fluid  pulsing 

- Jet  impingement 

- Sprayed  surface  exchanger 

- Freeze-remelt 

• Techniques  Involving  Physical  Properties  of  the  Salt: 

- Crystal  volume  change 

- Crystal  weakening  additive 

- Conductivity-enhancing  additives 

- Magnetic  susceptibility 

- Electrostatic  separation 

- Finishing  and  coating  of  heat-exchanger  surfaces 

- Delayed  nucleation  and  supercooling 

• Other  Concepts: 

- Direct  contact  heat  exchange 

- Shot  tower  latent  heat  of  fusion  concept 

- Prilling  tower  crystallization 

- Liquid  metals  salt  system 

- Immiscible  salts 
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- Encapsulation  (passive  system) 

- Distributed  tube  exchanger  (passive  system) 

From  the  survey,  Honeywell  selected  the  following  concepts  as  candidates  for 
further  evaluation. 


• Internal  Surface  Scraper 

• External  Surface  Scraper 

• Coated  Tube  and  Shell 

• Jet  Impring ement 

• Reflux  Boiler/Self -pressurizing 

• Reflux  Boiler/ Continuous  Salt  Flow  l Direct  Contact 

• Reflux  Boiler/Continuous  Salt  Flow  ( Heat  Transfer 

with  Hydraulic  Head  Recovery 

• Tumbling  Abrasive 

These  concepts  embody  the  most  conventional  and  promising  heat  transfer  proces- 
ses. The  passive  tube-intensive  system  was  chosen  as  a reference  system 
against  which  cost  comparisons  could  be  made. 


A comparative  analysis  of  the  active  heat  exchange  systems  listed  indi- 
cates that  the  most  economical  systems  are  those  that  employ  the  most  compact 
heat  transfer  surfaces.  The  compactness  of  the  tube  and  shell  heat  exchanger 
and  the  high  heat  transfer  rate  associated  with  the  direct  contact  reflux 
boiler  concept  are  the  two  features  that  appear  to  be  the  most  promising  for 
large-scale  implementation,  i.e.,  1000  MW(t)  rate  and  6-hour  capacity. 

The  coated  tube  and  shell  concept  capitalizes  on  commercial  availability 
of  tube  and  shell  heat  exchangers  and  assumes  successful  development  of  a non- 
stick finish  for  the  exchanger  tubes.  Studies  and  discussions  with  consultants 
have  indicated  that  there  is  a good  possibility  of  achieving  major  reductions  in 
the  adhesion  strength  of  solid  salts  to  the  cold  metal  surfaces  of  the  tubes. 

One  technique  suggested  is  polishing  the  heat  transfer  surfaces  to  minimize 
the  mechanical  bonding  of  the  salt  to  the  surface.  Another  technique  involves 
the  application  of  a thin  coating  of  an  amorphous  material  or  a material  with 
a crystallizing  structure  different  from,  yet  compatible  with,  the  salt.  This 
might  reduce  bonding  strength  of  the  microscopic  scale. 

The  second  system  recommended  for  further  study  is  the  direct  contact  re- 
flux boiler.  Although  two  heat  exchange  processes  are  used  (salt  to  water/ 
steam  and  condensing  steam  on  tubes) , the  individual  thermal  resistances  are 
so  low  that  their  sum  is  less  than  the  thermal  resistance  of  most  liquid-to- 
pipe-to-pipe-to-liquid  exchange  processes.  Consequently,  a high  overall  heat 
transfer  coefficient  can  be  continuously  maintained.  Furthermore,  the  system 
can  be  designed  to  operate  without  salt  transfer  pumps.  This  is  accomplished 
by  gravity  filling  the  refluxing  boiler  and  subsequently  expelling  the  slurry 
with  residual  steam  pressure. 
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Improved  thermal  efficiency  through  elimination  of  the  heat  exchangers  can 
be  achieved  in  a system  where  the  heat  transfer  medium  is  the  working  fluid. 

The  lifetime  of  this  type  of  system  is  directly  related  to  the  content  of  salt 
remaining  in  the  working  fluid  as  it  enters  the  turbine.  The  salt  content  can 
be  minimized  by  good  separator  design. 


COATED  TUBE  AND  SHELL  HEAT  EXCHANGE  CONCEPT  MECHANIZATION 


The  coated  tube  and  shell  heat  exchange  system  for  use  with  molten  salts 
is  similar  to  any  conventional  tube  and  shell  heat  exchange  system.  The 
differences  lie  in  the  tube  surface  property  and  the  heat  storage  medium. 
Available  evidence  indicates  that  the  proper  choice  of  tube  surfaces,  surface 
preparation,  and  medium  selection  will  reduce  the  salt-to-tube  bond  strength 
to  permit  the  solid  salt  to  be  removed  by  modest  hydrodynamic  forces. 

Analysis  showed  that  the  tube  and  shell  heat  exchange  system  was  the  most 
cost-effective  closed  heat  transfer  system.  Only  the  open-cycle  reflux  boiler, 
which  can  take  advantage  of  a higher  output  temperature,  shows  possibilities 
of  being  more  cost-effective.  From  the  hardware  development  standpoint,  the 
tube  and  shell  heat  exchanger  technology  is  better  developed  and  more  widely 
used  than  any  other  industrial  heat  exchanger  technology.  The  main  questions 
to  be  resolved  in  its  application  to  molten  salt  thermal  storage  are  the 
suitable  combinations  of  surfaces  and  medium,  and  the  temperature,  flow  rate, 
and  heat  rate  range  within  which  the  system  can  be  operated. 

Figure  3 is  a diagram  of  a typical  counterflow  heat  exchanger  with  an 
enlarged  section  of  tube  broken  out  to  illustrate  the  different  surface  condi- 
tions to  be  explored.  Figure  4 is  a schematic  diagram  of  a 1000  MW(t)  system 
with  6 hours  of  storage  capacity  using  tube  and  shell  heat  exchangers  to  effect 
the  removal  of  the  heat  of  fusion  from  the  molten  salt  medium  thermal  storage. 
For  this  system,  it  is  expected  that  the  maximum  slurry  density  that  is  readily 
transportable  in  the  pipe  lines  will  be  on  the  order  of  20  percent.  To 
achieve  high  latent  heat  recovery  from  storage,  the  slurry  is  returned  to 
storage  where  gravity  separation  is  used,  causing  the  solids  to  settle  to  the 
bottom  of  the  tank.  The  less  dense  liquid  rises  to  the  top  to  be  recirculated 
through  the  exchanger. 

In  a large  heat  exchanger,  as  was  considered  for  the  large-scale  system, 
the  fluids  in  the  course  of  a single  pass  through  the  exchanger  will  flow  past 
several  hundred  rows  of  tubes  as  dictated  by  the  tube  sheets  (baffles) . It 
becomes  a monumental  task  to  build  a small  heat  exchanger  model  with  hundreds 
of  ranks  of  tubes,  but  the  effect  can  be  approximated  by  recirculating  the 
flow  repeatedly  over  the  same  tubes.  This  was  the  approach  decided  upon  for 
this  experimental  model. 
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COATED  TUBE  AND  SHELL  EXPERIMENT 


This  experiment,  shown  schematically  in  Figure  5,  consists  of  an  insulated 
mild  steel  tank  that  is  heated  externally  with  controllable  guard  heaters.  A 
sump-type  pump  is  mounted  in  the  main  storage  tank  such  that  the  pump  is  always 
immersed  in  molten  salt.  A discharge  line  connects  the  salt  pump  to  the  flowby 
module.  The  module  consists  of ; a rectangular  chamber  with  a tubular  cross-flow 
heat  exchanger  which  extends  across  the  test  chamber. 

The  solid  tubes  are  inactive;  i.e.,  they  do  not  transfer  heat  but  are  flow 
patterns.  Fifteen  tubes,  19  millimeters  in  diameter,  are  arranged  to  transmit 
heat  (plain  tubes) . These  tubes  are  blanked  off  at  the  outboard  ends  and  fed 
with  cooling  oil  from  a manifold  through  concentric  internal  tubes.  Heated  oil 
flows  out  through  the  outlet  oil  manifold. 

The  tube  bundle  is  arranged  with  separator  plates  and,  together  with  the 
oil  manifolding,  may  be  removed  as  a unit  for  servicing  and  changing  of  coated 
tube  elements.  When  the  unit  is  inserted  into  the  test  chamber,  salt  flow,  as 
shown  by  the  arrows  in  Figure  5,  passes  through  the  tube  bundle  three  times. 
Turning  vanes  maintain  a proper  flow  pattern  to  simulate  a large  tube  bundle. 

A discharge  duct  located  above  and  at  the  outlet  of  the  tube  bundle  and 
the  salt  stream  channels  the  flow  back  to  the  tank.  A butterfly  valve  regu- 
lates the  back  pressure  and  flow  level  in  the  channel.  A force  guage  attached 
to  a contoured  pintle  measures  changes  in  momentum  of  the  salt  slurry.  By 
measuring  the  liquid  height  and  by  knowing  the  force,  the  salt  slurry  flow  can 
be  calculated.  An  electrical  contact  probe  was  planned  to  determine  liquid 
levels  in  the  flow  meter.  A small  quantity  of  salt  will  be  continually  drained 
off  the  channel  through  a tube.  This  salt  will  flow  into  the  main  settling 
tank. 


REFLUX  BOILER  CONCEPT  MECHANIZATION 


The  reflux  boiler  concept  of  heat  exchange  is  depicted  in  Figure  6.  The 
molten  salt  thermal  storage  medium  is  pumped  at  high  pressure  into  the  pres- 
sure vessel,  where  water  is  injected  into  the  salt.  The  water  flashes  to 
steam,  which  raises  the  pressure.  The  steam  flows  to  a shell  and  tube  conden- 
ser. Here  the  steam  condenses  and  transfers  its  latent  heat  to  boil  the  water 
flowing  inside  boiler  tubes.  This  'steam  can  be  delivered  to  a turbine.  The 
condensate  is  collected  and  refluxed  into  the  boiler  to  start  the  cycle  over. 
Because  the  condenser  and  reflux  boiler  both  operate  at  nearly  the  same 
pressure,  the  condensate  pump  need  only  supply  enough  head  to  overcome  the 
salt  hydrostatic  head  and  the  throttling  necessary  to  achieve  balanced  flows 
through  the  injection  nozzles. 

The  salt  slurry  leaving  the  reflux  boiler  has  a larger  potential  energy 
due  to  the  high  pressure.  A hydraulic  expander  can  be  used  to  recover  the  VdP 
energy  by  directly  coupling  the  expander  to  the  pump.  For  incompressible 


343 


fluids,  a well  designed  pump  can  be  run  in  reverse  to  recover  head.  Therefore, 
the  expander  can  be  a well  designed  motoring  pump.  Salt  level  control  in  the 
reflux  boiler  will  be  maintained  by  modulating  the  slurry  discharge  stream. 

A commercial  size  thermal  storage  system  is  shown  schematically  in  Figure 
7.  This  system  was  sized  to  deliver  1000  MW(t)  for  6 hours  using  eight  reflux- 
ing boilers  and  eight  condenser  units.  Molten  salt  is  pumped  from  the  top  of 
the  storage  tank  through  the  reflux  boilers,  and  the  salt  slurry  is  directed 
back  into  the  bottom  of  the  storage  tanks.  Settling,  with  increased  separation 
of  the  liquid  and  solid  phases,  will  occur  in  the  storage  tanks  to  increase  the 
percentage  of  latent  heat  recoverable. 


REFLUX  BOILER  EXPERIMENT 


The  experimental  apparatus  used  to  model  the  reflux  boiler  system  for  a 
10-kWh(t)  capacity  and  10-kW(t)  rate  must  resolve  the  technical  issues  yet 
circumvent  the  development  of  expensive,  specialized  equipment.  This  can  be 
done  by  operating  the  model  in  a batch  mode  and  using  compressed  gas  to  transfer 
the  molten  salt  into  the  system.  This  eliminates  the  need  for  a high-pressure 
salt  pump.  In  addition,  the  low-head,  high-temperature  pump  necessary  for 
feedwater  refluxing  is  replaced  by  a low-temperature,  high-pressure  pump  and 
water  preheater. 

The  experimental  apparatus,  shown  in  Figure  8s  consists  of  a reflux  boiler 
nearly  filled  with  molten  salt  into  which  hot  water  is  injected  under  high 
pressure.  The  molten  salt  gives  up  heat  to  boil  the  water.  The  steam  bubbles 
to  the  surface  of  the  salt  and  passes  to  the  condenser,  where  it  condenses  on 
the  cool  condenser  coils  heating  the  secondary  heat  transfer  fluid.  For  the 
experiment,  the  secondary  fluid  will  be  heat  transfer  oil  Mobiltherm  603  to 
provide  close  temperature  control  and  high  heat  transfer  rates  without  using  a 
high-pressure  recirculating  water  loop. 

The  water-steam  cycle  will  not  be  operated  in  a refluxing  mode,  but  will 
be  operated  open-loop  to  provide  an  accurate  means  of  measuring  and  controlling 
the  water  injection  rate.  This  is  achieved  by  measuring  the  rate  of  water 
uptake  at  the  pump  suction  port.  The  condensate  receiver  provides  a means  of 
collecting  and  storing  a nominal  15-minute  flow  of  water,  which  can  later  be 
cooled  and  analyzed  for  salt  content  to  estimate  salt  carryover.  Further 
analysis  of  salt  carryover  can  be  made  by  disassembly  of  the  shell  and  tube 
condenser  at  the  end  of  a test  run. 

The  advantages  of  this  mechanization  from  a modeling  standpoint  are: 

• No  high-pressure  pumping  of  salt  is  required. 

• No  throttling  of  a high-pressure  salt  or  salt  plus  water  is  required. 

• No  valves  in  the  salt  lines  must  be  opened  or  closed  while  high- 

pressure  differentials  exist  across  them. 
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EXPERIMENTAL  RESULTS 


Coated  Tube  and  Shell  Flowby 


Testing  of  the  coated  tube  and  shell  flowby  concept  has  been  completed. 

The  module  was  exercised  over  a range  of  AT's  and  salt  flow  velocities  for  a 
given  maximum  oil  flow  rate.  The  tube  bundle  was  plated  with  1 to  2 mils 
of  electroless  nickel  in  accordance  with  MIL-C-26074B.  The  heat  exchange 
module  failed  to  meet  the  required  10  kW(t)  heat  extraction  rate.  Overall  heat 
transfer  coefficients  ranged  between  500  to  1500  W/m  - K for  salt  velocities 
of  0.5  to  1.5  m/s  and  temperature  differences  of  2 to  12C  . For  a given  salt 
velocity  and  AT,  the  heat  transfer  coefficient  decreased  with  time,  indicating 
the  buildup  of  a salt  layer  on  the  tubes.  Increasing  the  salt  velocity  im- 
proved the  heat  extraction  rate,  but  increasing  the  AT  for  a given  salt  flow 
did  not  improve  the  heat  extraction  rate. 


Reflux  Boiler 

Testing  of  the  reflux  boiler  is  under  way.  Direct  injection  of  cool,  high- 
pressure  water  as  a spray  into  the  ullage  was  accomplished,  and  steam  was 
generated.  The  injected  water  was  compatible  with  the  salt  mixture  under  the 
conditions  imposed.  An  improved  water  injector  and  modified  water  preheater 
are  being  readied  for  "full  up"  testing. 
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THROTTLE  TEMPERATURE 


TEMPERATURE  AND  PRESSURE  REGION  OF  CONVENTIONAL  TURBOMACHINERY 
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THROLLE  TEMPERATURE 
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CONTINUOUS  SALT  FLOW  REFLUX  BOILER  WITH  HYDRAULIC  HEAD  RECOVERY 
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Figure  6 
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CONTINUOUS  SALT  FLOW  REFLUX  BOILER  WITH  HYDRAULIC  HEAD  RECOVERY 
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ENERGY  STORAGE-BOILER  TANK,  1979  PROGRESS  REPORT 


Talbot  A.  Chubb,  J.  J.  Nemecek,  and  D.  E.  Sirrmons 
Naval  Research  Laboratory 

PROJECT  OUTLINE 

Project  Title:  Heat  of  Fusion  Energy  Storage  - Boiler  Tank 

Principal  Investigator:  Dr.  Talbot  A.  Chubb 

Organization:  Naval  Research  Laboratory 

Code  7120 

Washington,  D.  C.  20375 
Telephone:  (202)  767-3580 

Project  Goals:  Demonstrate  feasibility  of  heat-of-fusion  energy 

storage-boiler  tank. 

Evaluate  media  and  heat  transfer  fluid  properties  and  cycle 
life  characteristics. 

Perform  storage  media-containment  materials  compatibility 
studies. 

Design,  build,  and  operate  a 2 MWh  storage-boiler  tank. 

Project  Status:  Completed  property  determinations  and  selected  a eutectic 

salt  (NaCl,  KC1,  Mg  CI2)  having  a melting  point  of  about 
385°C,  and  M-terphenyl  as  the  heat  transfer  fluid. 

Compatibility  studies  are  complete  and  mild  steel 
containers  have  been  selected. 

Fabrication  of  2 MWh  storage-boiler  tank  is  proceeding  and 
scheduled  to  be  completed  in  December,  1979.  Operation  and 
tests  are  scheduled  through  1980. 

Contract  Number:  EC-77-A-31-1024  and  NRL  M003 

Contract  Period:  July,  1976  to  February,  1980 

Funding  Level:  DOE  - $360,000,  NRL  - $190,000 

Funding  Source:  DOE-Di vision  of  Energy  Storage  Systems  and  NRL 
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ENERGY  STORAGE-BOILER  TANK,  1979  PROGRESS  REPORT 


T.  A.  Chubb,  J.  J.  Nemecek  and  D.  E.  Simmons 
Naval  Research  Laboratory 


The  objective  of  the  Program  EC-77"A-31-1024,  Heat  of  Fusion  Energy 
Storage-Boiler  Tank,  is  the  demonstration  of  heat-of-fus ion  energy  storage  in 
containerized  salts.  The  smallest  size  storage  unit  that  effectively  demon- 
strates the  heat  transfer  problems  associated  with  such  storage,  is  about 
2 MWh.  A proof-of-concept  2 MWh  energy  storage  tank  is  currently  under  con- 
struction on  the  grounds  of  the  Naval  Research  Laboratory  in  Washington,  DC. 
This  energy  storage  unit  is  the  largest  heat-of-fusi on  storage  unit  in  the 
U.  S.  program. 


Fig.  1.  Energy  Storage  Boiler  Tank  at  the  Naval  Research  Laboratory 

Figure  1 shows  the  energy  storage  site  at  the  Naval  Research  Laboratory. 
The  energy  storage  tank  proper  is  being  installed  in  the  square  building  in 
the  right  center  of  the  picture.  The  roof  covering  the  tank  site  is  a weather 
shield  which  can  be  removed  by  the  light  gantry  crane.  The  Butler  building  is 
used  for  storage  of  Dacotherm  insulation,  a light-weight  sodium  silicate  insu- 
lation, which  surrounds  the  tank  during  operation.  The  small  sheds  near  the 
tank  are  electrical  junction  boxes  from  which  150  kW  of  heater  power  is  made 
available  for  energizing  the  tank  and  from  which  power  connections  are  made  to 
the  feedwater  pump,  the  terphenyl  circulation  pump,  an  air  compressor  used  for 
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conveying  the  Dacotherm  insulation,  and  other  auxiliary  power  purposes.  The 
larger  shed  houses  the  compressor,  feedwater  pump,  and  controller.  The 
trailer  is  used  to  house  instrumentation  which  will  monitor  temperatures, 
pressures,  flow  rates,  etc.,  connected  with  operation  of  the  facility. 

Figure  2 shows  the  energy  storage  boiler  tank  design.  The  tank  is  10.5 
feet  in  diameter  and  12  feet  high  to  the  level  of  the  flanged  ring.  A mating 
domed  lid  interfaces  with  this  flange,  increasing  the  interior  height  to  15 
feet.  The  tank  is  largely  filled  with  containerized  salt.  The  salt  cannis- 
ters  are  A"  in  diameter,  19"  high  and  are  racked  into  hexagonal  baskets  for 
loading.  The  tank  rests  on  a Foamglas  base  2 feet  thick,  and  is  surrounded  on 
its  side  by  **0+  inches  of  Dacotherm  insulation.  Insulation  is  adequate  to 
permit  the  tank  to  hold  its  heat  for  more  than  3 weeks.  Energization  is  pro- 
vided by  electrical  heater  elements  embedded  in  aluminum  castings.  Twelve 
such  castings  rest  on  the  bottom  of  the  tank  and  provide  a total  input  capa- 
city of  180  kW.  Power  is  brought  into  the  tank  through  hermitic  electrical 
feedthroughs  (Varian  #95^5009).  Internal  heat  transfer  is  provided  by  about 
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1600  kg  of  M-terphenyl  heat  transfer  fluid  which  is  operated  in  a boiling-con- 
densing mode  (M-terphenyl  is  the  major  constituent  of  Monsanto's  Therminol  88 
heat  transfer  fluid).  The  lid  of  the  tank  contains  a boiler-superheater 
assembly.  This  assembly  receives  its  energy  by  condensation  of  M-terphenyl 
vapor.  The  boiler-superheater  is  expected  to  provide  a peak  power  output  of 
more  than  500  kW. 

Also  shown  in  Figure  2 is  a pit  located  below  tank  level.  This  pit  is 
the  terphenyl  pump  pit.  A hot  chemical  circulation  pump  is  located  in  the 
bottom  of  the  pit.  It  receives  liquid  terphenyl  from  the  tank  under  gravity 
head.  The  chemical  pump  delivers  the  liquid  terphenyl  to  shower  heads  located 
above  the  salt  cans  and  sprays  the  terphenyl  over  the  salt  cans  during  energy 
withdrawal  periods.  Evaporation  of  the  liquid  film  of  terphenyl  which  coats 
the  salt  tanks  provides  the  means  by  which  heat  is  removed  from  the  salt  cans 
during  energy  withdrawal. 


Fig.  3-  Containment  vessel  of  2MWh  tank  under  construction 
in  NRL  shop. 

Figure  3 shows  the  energy  storage  boiler  tank  under  construction  in  the 
NRL  shop.  The  tank  has  a two  inch  thick  steel  base  with  reinforcing  ribs. 
The  tank  walls  are  half  inch  mild  steel.  The  tank  is  of  normal  welded  con- 
struction. 
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Steel  cans  play  an 
Important  role  in  the 
energy  storage  boiler 
tank.  These  cans,  which 
must  contain  molten  eu- 
tectic salt,  make  use  of 
welded  seams  in  the 
forming  of  the  can 
bodies.  The  cans  to  be 
used  in  the  2 MWh  tank 
were  procured  from 
Ellisco  Corporation, 

Fig,  4.  The  screw-on 
caps  provide  protection 
during  salt  warehousing, 
but  contain  breathing 
holes  that  open  at  oper- 
ating temperature. 


Fig.  4.  Salt  cans  for  2 MWh  tank. 


Fig,  5,  Calculated  temperature  growth  inside 
superheater. 


Fig,  5 shows  the 
calculated  temperature 
growth  in  the  steam  as 
it  flows  through  the 
superheater.  The  figure 
permits  calculation  of 
output  steam  temperature 
for  various  energy  with- 
drawal rates.  The 
superheater  in  the  2MWh 
tank  is  60  feet  long. 

At  1000  kW  energy  with- 
drawal an  output  temper- 
ature of  350°C  is  pre- 
dicted. The  boiler- 
superheater  assembly 
consists  of  12  4-inch 
boiler  tubes  in  parallel 
feeding  a single  super- 
heater line.  Energy 
transfer  to  the  boiler- 
superheater  assembly  is 
limited  primarily  by 
thermal  conduction 
through  the  film  of 
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TABLE  1 - Specifications;  2 MWh  Tank 


ITEM 

Storage  Characteristics 
Storage  Capacity (a) 

Max  Energy  Input  Rate 

Min  Fill  Time 

Design  Output  Rate 

Design  Energy  Withdrawal  Time 

Heat  Loss  to  Envi ronment 

Energy  Half-Life 

Tank  Conf iguration 
Inside  Diameter 
Inside  Height  to  Flange 
Inside  Height  to  Dome 

Containerized  Salt 

Salt  Mass 

No.  Cans 

Can  Diameter 

Can  Height 

Can  Volume 

Salt  Mass  Per  Can 

Heat  Flux  Into  Salt 
Can  Sidewall  Area 
Heat  Flow  Density  @ 150  kW  at  Can 
Wall 

Temperature  Drop  Through  4 cm  of 
Salt  (c) 


VALUE 

1.82  MWht  = 6.55  GJ  = 6.2x106BTU 
150  kW 

12.1  h 
150  kW 

12.1  h 

3000  W estimated 
25  days 

3.18  m (10.4  ft) 

3.66  m (12.0  ft) 

~4.6  m (~15  ft) 


27  T (metric) 

4000 

4"  = 10.2  cm 
18.2"  = .46  m 
3.75  liter 

6.82  kg  (liquid  density  = 1.82 
gcm_3) (b) 

690  m2 
254  W m-2 
20°C 


Terphenyl  Circulation 
Terphenyl  Content 
Mass  Flow  Rate  @ 150  kW 
Condensation  Rate  @ 150  kW 
Vapor  Pressure  @ 365°C'd) 
Perfect  Gas  Density 
Gas  Volumetric  Flow 
Flow  Velocity  for  10%  Open  Area 


1 .6  T (metric) 

.54  kg  s-1 

.68  liter  s”1  of  liquid  (10.7  gpm) 
100  kPa  (1.0  atm,  14.7  psia) 

4.40  g 1 i ter“l 
.123  m3  s-1 

.15  m s-1  (.05  ft  s-1) 


Steam  System 

Steam  Pressure 

Steam  Temperature 

Steam  Output  (@  150  kW  Withdrawal) 

Water  Feed  Temperature 

Water  Flow  Rate 


5-4  MPa  (800  psi) 

371 °C  (700°F) 

.05  kg  s"1  (393  lb  hr~1) 
21°C  (71°F) 

.05  1 i ter  s"1  (.8  gpm) 


(a)  Salt  heat-of-fusion  only. 

(b)  Based  on  observed  pour  level  in  cans  which  are  subsequently  weighed. 

(c)  Based  on  k = .87  W m-1.  Ref.  radius  = 3 cm. 

(d)  Handbook  of  Chemistry  and  Physics,  48th  edition,  p.  C-56O  (1967). 
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terphenyl  condensate  which  continually  forms  on  the  boiler  components;  to  a 
lesser  extent  heat  transfer  is  limited  by  heat  flow  across  the  metal -steam 
interface  in  the  steam  superheater  tube. 


Specifications  for  the  tank  are  shown  in  Table  1.  Heat-of-fusion  storage 
provides  90%  of  the  2 MWh  rated  storage  capacity.  The  specified  energy  with- 
drawal rate  is  150  kW,  corresponding  to  an  output  of  800  psi  superheated  steam 
of  180  kg  hr“1  (393  lbs  hr“^).  A maximum  steam  output  rate  of  more  than  600 
kg  hr-^ , i.e.  500  kW,  should  be  achieved. 


It  is  expected  that  the  energy  storage  boiler  tank  will  be  installed  on- 
site within  the  next  couple  of  months.  It  is  hoped  to  initiate  heat  transfer 
tests  later  in  the  winter.  Installation  of  the  salts  will  probably  occur  dur- 
ing the  spring  of  1980,  with  energy  storage  runs  beginning  shortly  thereafter. 
A detailed  report  is  in  preparation. 
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THE  SERI  SOLAR  ENERGY  STORAGE  PROGRAM 

Robert  J.  Copeland,  John  D.  Wright,  and  Charles  E.  Wyman 
Solar  Energy  Research  Institute 

PROJECT  OUTLINE  I 

Project  Title:  Ranking  Methodology  for  Comparing  Thermal  Storage 

Principal  Investigator:  R.  J.  Copeland 

Organization:  Solar  Energy  Research  Institute 

1617  Cole  Boulevard 
Golden,  CO  80401 
Telephone:  (303)  231-1012 

Project  Goals:  The  objective  of  this  subtask  is  to  develop  a methodology 

to  identify  thermal  storage  concepts  for  solar  thermal 
applications  and  use  that  methodology  to  select  thermal 
storage  technologies  for  development. 

A ranking  methodology  has  been  developed  to  compare  thermal 
storage  concepts  when  they  are  performing  the  same 
mission.  A complete  storage  coupled  solar  thermal  system 
which  includes  collector  fields,  receiver,  conversion 
equipment,  etc.,  is  specified,  and  a reference  thermal 
storage  concept  is  assigned  to  the  system.  A single 
mission  is  defined  by  specifying  collector  area, 
application,  etc.  A comparison  is  then  made  of  the 
delivered  energy  cost  when  the  reference  thermal  storage 
concept  is  employed  in  the  solar  thermal  system  to  that 
when  an  alternate  storage  option  is  utilized  to  perform  the 
same  mission.  This  comparison  can  be  repeated  for  as  many 
storage  concepts  and  solar  thermal  missions  as  desired. 

The  ranking  methodology  employs  both  the  cost  and 
performance  factors  associated  with  each  storage 
alternative  to  determine  the  storage  concept  or  concepts 
most  suited  to  the  defined  mission.  The  methodology  is 
being  developed  in  two  forms:  a simplified  version  to  be 
used  to  quickly  screen  thermal  storage  concepts  and  a 
computer  version  to  conduct  in-depth  evaluations.  Cost  and 
performance  data  to  be  generated  by  a competitively 
selected  subcontractor  will  be  used  in  the  ranking 
methodology,  and  two  or  three  thermal  storage  concepts  will 
be  recommended  as  candidates  for  development  in  FY  80  for 
each  of  the  solar  thermal  system  targets. 

In  later  years,  SERI  will  make  recommendations  based  on  the 
ranking  methodology  for  selection  of  only  one  thermal 
storage  concept  for  development. 
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Organization: 
Project  Status: 


Contract  Number: 
Contract  Period: 
Funding  Level: 
Funding  Source: 


Solar  Energy  Research  Institute 

The  simplified  ranking  methodology  has  been  developed  and 
documented  in  the  report  "Preliminary  Requirements  for 
Thermal  Storage  Subsystems  in  Solar  Thermal  Applications" 
to  be  released  in  the  fall  of  1979. 

Solar  thermal  system  cost  and  performance  have  been 
generated  by  SERI  and  a subcontractor  for  use  in  the 
ranking  methodology. 

EG-77-C-01 -4042 

October  1978  to  September  1979 

$172,000  (Includes  50%  Value  Analysis) 

DOE/Thermal  Power  Systems 
DOE/Energy  Storage  Systems 
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PROJECT  OUTLINE  II 


Project  Title:  Latent  Heat  Storage  Research 

Principal  Investigator:  John  Wright 

Organization:  Solar  Energy  Research  Institute 

1617  Cole  Boulevard 
Golden,  CO  80401 
Telephone  (303)  231-1756 

Project  Goals:  The  Latent  Heat  Storage  Research  Subtask  seeks  to 

quantitati vely  understand  the  basic  hydrodynamic  and  heat 
transfer  processes  governing  the  operation  of  direct 
contact  latent  heat  storage  units. 

The  problem  is  approached  from  both  the  analytical  and 
experimental  viewpoints.  The  proper  model  to  correlate 
immiscible  fluid  residence  time  with  heat  transfer  will  be 
determined  by  an  investigation  of  the  heat  transfer  to 
single  droplets  of  immiscible  fluid.  The  model  chosen  will 
be  used  along  with  hydrodynamic  observations  to  analyze  the 
heat  transfer  data  gathered  in  the  pilot  scale  multi-drop 
unit.  Other  effects  to  be  investigated  will  be  the  effect 
of  immiscible  fluid  flow  rate  on  salt  carryover,  and  a 
determination  of  whether  the  kinetics  of  crystal izati on  may 
be  the  rate  limiting  step  in  the  phase  change  process.  The 
initial  research  is  done  using  low  temperature  salt 
hydrates  for  heating  and  cooling  storage;  however,  the 
effort  will  be  extended  to  higher  temperature  ranges. 

Project  Status:  Mathematical  models  developed  to  predict  heat  transfer 

behavior  of  single  and  multi -drop  systems. 

Single-drop  experiment  constructed. 

Multi -drop  experiment  designed  and  under  construction. 

Preliminary  experiments  to  characterize  suitability  of  salt 
hydrates  for  direct-contact  experiments  underway. 

Economic  analysis  of  the  value  of  sensible  and  latent  heat 
storage  for  home  heating  completed. 

Contract  Number:  EG-77-C-01 -4042 

Contract  Period:  October  1978  to  September  1979 

Funding  Level:  $127,500 

Funding  Source:  DOE/Thermal  Power  Systems 
DOE/Energy  Storage  Systems 
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THE  SERI  SOLAR  ENERGY  STORAGE  PROGRAM 

Robert  J.  Copeland,  John  D.  Wright,  and  Charles  E.  Wyman 
Solar  Energy  Research  Institute 


SUMMARY 


The  SERI  Solar  Energy  Storage  Program  provides  research  on  advanced  tech- 
nologies, systems  analyses,  and  assessments  of  thermal  energy  storage  for  solar 
applications  in  support  of  the  Thermal  and  Chemical  Energy  Storage  Program  of 
the  DOE  Division  of  Energy  Storage  Systems.  Currently,  research  is  in  progress 
on  direct  contact  latent  heat  storage  and  therraochemical  energy  storage  and 
transport.  Systems  analyses  are  being  performed  of  thermal  energy  storage  for 
solar  thermal  applications,  and  surveys  and  assessments  are  being  prepared  of 
thermal  energy  storage  in  solar  applications. 


INTRODUCTION 


As  part  of  the  Thermal  and  Chemical  Energy  Storage  Program  of  the  DOE  Divi- 
sion of  Energy  Storage  Systems,  thermal  energy  storage  technologies  are  devel- 
oped for  identified  application  areas  by  the  laboratories  designated  with  the 
appropriate  lead  responsibility.  The  SERI  Solar  Energy  Storage  Program  sup- 
ports the  Thermal  Energy  Storage  Program  by  researching  advanced  technologies 
and  performing  systems  analyses  and  assessments. 

The  general  objective  of  the  SERI  Solar  Energy  Storage  Program  is  to 
develop  a better  understanding  of  advanced  thermal  energy  storage  technologies 
for  solar  applications  and  to  obtain  information  that  allows  storage  developers 
to  select  promising  thermal  storage  technologies  for  solar  applications.  To 
accomplish  this  objective,  research  and  development  are  performed  on  advanced 
thermal  storage  options  in  an  attempt  to  resolve  technical  and  economic  uncer- 
tainties that  hinder  development.  New  thermal  storage  concepts  also  are 
defined  as  part  of  this  effort.  Systems  analyses  are  conducted  for  defined 
solar  applications  to  determine  thermal  storage  requirements  and  to  aid  in 
selecting  thermal  storage  concepts.  Surveys  and  assessments  also  are  performed 
to  examine  the  match  between  thermal  energy  storage  technologies  and  solar 
application  areas.  For  FY80,  the  emphasis  of  these  activities  is  to  support 
the  joint  plan  between  the  DOE  Division  of  Energy  Storage  Systems  and  the  Divi- 
sion of  Central  Solar  Technology  for  developing  thermal  energy  storage  for 
solar  thermal  applications  (ref.  1).  The  SERI  FY80  solar  energy  storage  activ- 
ities are  discussed  in  the  following  narrative,  with  two  areas  discussed  in 
some  detail  and  the  other  two  summarized  briefly. 
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ADVANCED  TECHNOLOGY  RESEARCH  AND  DEVELOPMENT 


Thermochemical  Storage  and  Transport  Research 

A new  area  in  the  SERI  Solar  Energy  Storage  Program  for  FY80  is  thermo- 
chemical storage  and  transport  research.  Previous  studies  have  raised  ques- 
tions as  to  the  efficiency  and  cost  capabilities  of.  reversible  thermochemical 
reactions  for  energy  storage  and  transport  (ref.  2).  However,  reversible  reac- 
tions show  significant  technical  promise  because  of  their  ability  to  store 
large  quantities  of  heat  at  ambient  conditions,  an  attribute  which  makes  them 
appear  particularly  promising  for  long  duration  storage  and  transport.  There- 
fore, an  effort  is  in  progress  to  define  the  efficiency  and  cost  constraints 
for  thermochemical  storage  and  transport  and  to  assess  quantitatively  the  per- 
formance of  such  systems.  The  information  developed  also  will  be  used  to 
determine  whether  there  are  research  opportunities  that  could  make  thermo- 
chemical energy  storage  and  transport  cost  effective.  If  the  cost  and  effi- 
ciency constraints  are  not  prohibitive,  laboratory  research  will  be  performed 
to  understand  the  actual  behavior  of  reaction  systems. 


Latent  Heat  Storage  Research 

The  objective  of  latent  heat  storage  research  at  SERI  is  to  provide  a 
quantitative  understanding  of  advanced  latent  heat  storage  systems  which  can  be 
used  to  assess  their  potential.  This  section  of  the  paper  presents  the  results 
of  an  economic  analysis  of  latent  and  sensible  heat  storage  for  home  heating,  a 
heat  transfer  analysis  of  a direct  contact  heat  storage  system,  and  a brief 
description  of  experiments  to  be  undertaken  to  validate  models  and  determine 
key  mechanisms. 

A comparative  analysis  of  sensible  and  latent  heat  storage  for  home  heat- 
ing was  carried  out  to  define  any  performance  or  economic  advantages  attribut- 
able to  the  use  of  latent  heat  storage.  Air/rock,  air/salt  hydrate,  water,  and 
water/salt  hydrate  systems  were  compared  for  a range  of  storage  and  collector 
sizes  for  locations  of  Albuquerque,  N.  Mex. , and  Madison,  Wis.  For  a given 
load  and  size  of  collector  array,  increases  in  storage  mass  increase  the  amount 
of  solar  energy  delivered  until  all  the  energy  collected  is  used,  the  load  is 
fully  supplied,  or  losses  from  storage  exceed  the  gains.  Curves  describing  the 
energy  delivered  to  the  load  as  a function  of  the  storage  mass  for  fixed  col- 
lector areas,  heating  loads,  and  locations  were  obtained  from  previous  stud- 
ies (ref.  3).  The  cost  of  the  solar  system  may  be  defined  as  a function  of 
collector  area  and  storage  size.  Dividing  the  cost  of  the  system  by  the  annual 
delivered  energy  yields  a criterion  for  judging  the  relative  economics  of 
latent  and  sensible  heat  storage. 

In  this  analysis  no  allowance  was  made  for  subcooling  or  degradation  of 
the  phase  change  material.  Therefore,  the  conclusions  drawn  from  the  analysis 
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are  optimistic  projections  for  latent  heat  storage.  The  major  conclusions,  for 
home  heating  use  include: 

• Air-based  salt-hydrate  latent  heat  storage  offers  a four  to  one  reduc- 
tion in  storage  volume  over  rock  bed  systems,  while  liquid-based  salt 
hydrate  systems  offer  a two  to  one  reduction  over  hydronic  storage. 

• Constant  temperature  operation  during  phase  change  provides  no  opera- 
tional advantage,  and  the  volume  reduction  is  the  only  advantage 
afforded  by  latent  heat  systems. 

• The  distinction  between  air-  and  liquid-based  systems  is  far  more  impor- 
tant than  that  between  sensible  and  latent  heat  systems. 


These  conclusions  apply  only  for  the  home  heating  application  analyzed,  and 
more  advantages  are  anticipated  for  latent  heat  storage  in  hot  or  cold  side  air 
conditioning  storage  or  in  solar  thermal  steam  generation. 

Latent  heat  storage  must  be  economically  competitive  with  sensible  heat 
storage  for  home  heating  unless  space  is  at  a premium.  One  of  the  major  imped- 
iments to  successful  use  of  latent  heat  storage  is  the  expense  of  providing 
sufficient  heat  transfer  surface  to  overcome  solid  phase  resistance  during  heat 
extraction.  This  problem  possibly  may  be  avoided  by  the  use  of  inexpensive 
containment  materials  or  direct  contact  heat  exchangers  as  suggested  originally 
by  Etherington  and  recently  researched  by  workers  at  Clemson  University  and  the 
Desert  Research  Institute  (refs.  4,5).  Research  at  SERI  has  been  directed  at 
the  latter  approach  since  the  results  may  be  useful  for  higher  temperature 
operation  as  well.  To  date,  heat  transfer  in  macroscopic  systems  has  been  ana- 
lyzed in  terms  of  volumetric  heat  transfer  coefficients.  This  method  is  conve- 
nient for  reporting  experimental  results  but,  because  the  fundamental  physical 
processes  governing  heat  transfer  do  not  appear  explicitly,  it  is  of  limited 
value  in  scaling  up  or  in  designing  a system  with  a different  geometry,  phase 
change  material,  or  immiscible  fluid. 

Experiments  are  being  conducted  on  salt  hydrate/oil  systems  (Figure  I) 
such  as  would  be  used  for  space  heating.  This  temperature  range  was  chosen  to 
simplify  the  experimental  portion  of  the  work.  As  the  models  are  developed 
further,  it  is  expected  that  effort  will  shift  to  higher  temperature  applica- 
tions where  constant  temperature  operation  and  volume  reduction  are  more  criti- 
cal and  latent  heat  storage  may  be  more  beneficial. 

Heat  transfer  in  a direct  contact  system  can  be  described  by  the  familiar 
equation 


q = U A AT,  (1) 

where  q = heat  transfer  rate  (J/s),  U = overall  heat  transfer  coefficient 
(J/s  °C  cm^),  A = surface  area  (cnr),  and  T = temperature  (°C).  However,  the 
determination  of  U and  A is  not  simple. 

The  heat  transfer  area  A is  equal  to  the  surface  area  per  drop  of  oil  mul- 
tiplied by  the  number  of  drops  in  the  system.  Surface  area  per  drop  is  a 
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function  of  drop  diameter,  which  is  itself  a function  of  flow  rate,  distributor 
geometry,  and  fluid  properties.  The  number  of  drops  in  the  system  is  a func- 
tion of  dispersed  phase  flow  rate,  drop  size,  and  physical  properties. 

If  fluid  flows  slowly  through  a nozzle,  drops  will  form  at  the  surface, 
grow,  detach,  and  rise.  When  the  flow  rate  increases  to  a critical  velocity,  a 
jet  forms  and  the  drop  diameter  suddenly  decreases.  As  flow  rate  increases  the 
jet  lengthens.  When  the  jet  length  is  a maximum,  the  surface  area  per  unit 
volume  of  fluid  also  goes  through  a maximum.  This  critical  flow  rate  and  the 
drop  size  at  this  velocity  may  be  determined  from  theory.  The  drop  size  at 
other  flow  rates  must  be  found  by  empirical  correlations  with  limited  ranges  of 
applicability  (refs.  6-8). 

If  single  drops  rise  through  an  infinite,  quiet,  continuous  phase,  their 
terminal  velocities  may  be  predicted  from  a force  balance.  When  many  drops 
rise  simultaneously,  they  decrease  the  effective  free  area  through  which  the 
drop  rises.  This  reduction  in  free  area  compresses  the  streamlines  around  the 
drop,  producing  additional  drag  and  dramatically  reducing  the  rise  velocity. 
This  interaction  may  be  described  quantitatively  and  used  to  predict  the  number 
of  drops  in  a storage  unit  (ref.  9). 

Defining  a heat  transfer  coefficient  is  a difficult  process.  Drops  with 
diameters  greater  than  0.7  cm  or  rising  with  N^e  > 200  are  often  classified  as 
large.  They  periodically  shed  their  wakes,  setting  up  oscillations  within  the 
drop  which  provide  internal  mixing.  Such  drops  have  resistance  to  heat  trans- 
fer only  at  the  surface,  and  heat  transfer  is  relatively  rapid.  The  fractional 
approach  to  thermal  equilibrium  is  given  by 


Em  = 1 - e ^ (2) 

where  Em  = fractional  approach  to  equilibrium  [(T  - T^)/(TC  - T^),  with 
c referring  to  the  continuous  phase  and  i to  the  interior  of  the  drop]; 
h = heat  transfer  coefficient  (J/s  °C  cm^);  V = volume  (cm  );  p = density 
(g/cm3);  Cp  = specific  heat  (J/g  °C);  and  t = time  (s). 

In  drops  with  diameters  less  than  0.3  cm  and  rising  at  low  velocities, 
surface  tension  is  strong  enough  to  stop  all  movement  within  the  drop.  These 
small  drops  behave  as  rigid  spheres  in  which  internal  conduction  is  the  rate 
limiting  mechanism.  The  fractional  approach  to  equilibrium  is  much  slower  than 
that  of  mixed  drops  and  is  given  by 


Em  = 1 


2 2 


(3) 


where  ot 


thermal  diffusivity  (cm^/s)  and  a 


drop  radius  * (cm) . 
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For  drops  of  intermediate  size  toroidal  internal  circulation  patterns  are 
set  up.  The  dominant  resistance  is  again  internal  but  the  characteristic  dis- 
tance for  conduction  is  approximately  half  the  radius.  The  fractional  approach 
to  equilibrium  may  be  approximated  as 
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Effective  heat  transfer  coefficients  may  be  defined  for  circulating  and  rigid 
drops,  but  they  are  simply  a mathematical  convenience  (ref.  10). 

The  predictions  of  the  model  have  been  compared  with  heat  transfer  data 
obtained  on  a system  at  Clemson  University.  The  data  compare  reasonably  well 
with  results  predicted  from  existing  expressions  for  drop  size,  holdup,  and 
heat  transfer  to  a circulating  drop,  although  a different  heat  transfer  model 
is  required  at  the  end  of  the  melting  period.  While  this  agreement  is  encour- 
aging, it  is  not  proof  of  model  validity.  As  no  experimental  measurements  were 
taken  of  the  effect  of  drop  size  or  holdup,  the  choice  of  heat  transfer  mecha- 
nism is  simply  an  adjustable  parameter  in  the  model,  since  the  drop  size  is 
such  that  any  one  of  the  three  heat  mechanisms  could  apply.  Furthermore, 
several  of  the  relations  contain  constants  which  were  obtained  experimentally 
at  conditions  considerably  removed  from  those  found  in  latent  heat  thermal 
storage  units.  Therefore,  it  is  necessary  to  carry  out  experiments  to 
independently  validate  or  modify  the  equations  for  drop  size,  holdup,  and  heat 
transfer  mechanism. 

To  test  drop  size  predictions  and  to  determine  whether  the  rising  drops 
behave  as  rigid  spheres,  circulating  drops,  or  oscillating  drops,  a "single 
drop"  experiment  is  being  utilized.  This  experiment  allows  the  measurement  of 
drop  size  and  heat  transfer  rate  where  flow  rate,  contact  time,  and  continuous 
phase  temperature  can  be  closely  controlled.  To  investigate  holdup,  a pilot- 
scale,  "multi-drop"  column  is  being  constructed.  This  unit  will  also  allow 
assessment  of  the  total  model  and  will  be  useful  in  studying  continuous  phase 
entrainment,  phase  segregation,  and  crystallization  behavior. 


SYSTEMS  ANALYSES  AND  ASSESSMENTS 


Thermal  Storage  Survey  and  Assessment 

The  thermal  storage  technologies  under  development  must  fit  the  intended 
solar  applications.  Therefore,  continual  communication  is  critical  among 
researchers  developing  solar  and  storage  technologies.  In  this  area,  SERI  con- 
tinually surveys  the  thermal  storage  technologies  under  development  within  the 
Division  of  Energy  Storage  Systems  and  elsewhere  (ref.  11).  Communications  are 
then  developed  with  the  various  solar  application  areas  and  their  needs  are 
identified  through  discussions  and  analyses.  The  goal  of  these  activities  is 
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to  arrive  at  a coordinated  plan  that  will  provide  timely  development  of  thermal 
storage  technologies  for  defined  solar  applications. 


Systems  Analysis  of  Thermal  Storage 

The  systems  analysis  of  thermal  storage  is  being  conducted  to  support 
decision  points  in  the  Thermal  Energy  Storage  for  Solar  Thermal  Applications 
Program  (ref.  1).  In  this  program,  second  and  third  generation  thermal  storage 
technologies  will  be  developed  to  provide  lower  cost  and/or  improved  perfor- 
mance over  the  first  generation  technologies  currently  being  deployed  in  Solar 
Thermal  Large  Scale  Experiments  (LSE).  In  each  of  the  seven  elements  of  the 
program,  thermal  storage  technologies  will  be  developed  that  are  appropriate 
for  different  types  of  solar  thermal  systems: 

• water/steam  collector/ receiver; 

• molten  salt  collector/ receiver ; 

• liquid  metal  collector/receiver; 

• gas  collector/receiver; 

• organic  fluid  collector/receiver; 

• liquid  metal/salt  collector/receiver;  and 

• advanced  technologies  (third  generation). 

For  the  first  six  elements,  the  second  generation  technologies  developed  will 
be  verified  through  a retrofit  of  a solar  thermal  LSE  (e.g.,  Barstow,  repower- 
ing, Shenandoah,  etc.).  The  last  element  develops  advanced  technologies  for 
all  types  of  solar  thermal  systems. 

The  objectives  of  the  SERI  systems  analysis  effort  are  to  provide  value 
data  on  thermal  storage  and  rankings  of  thermal  storage  concepts.  The  value 
data  are  the  basis  for  thermal  storage  cost  goals  which  are  then  used  to  screen 
thermal  storage  concepts.  Those  concepts  which  pass  this  first  screening  are 
ranked  on  a delivered  energy  unit  cost  basis  (busbar  energy  cost  for  electric 
power)  within  a specified  program  element.  The  process  is  then  repeated  as 
needed  for  other  elements.  In  this  manner,  promising  thermal  storage  concepts 
will  be  identified  for  development. 

Value  expresses  quantitatively  the  price  that  a user  is  willing  to  pay  for 
a system  for  a given  application  based  on  the  cost  of  alternative  systems, 
including  capital,  fuel,  and  operations  and  maintenance  (O&M).  The  value  of 
solar  thermal  systems  thus  depends  on  the  energy  supply  alternatives  (oil,  gas, 
coal,  nuclear,  etc.),  assumed  future  prices  and  escalation  rates,  and  the  per- 
formance of  the  solar  thermal  system.  For  electric  power  applications. 
Aerospace  (ref.  12)  and  Westinghouse  (ref.  13)  have  performed  calculations  of 
value  for  storage-coupled  solar  thermal  systems. 

For  a given  collector  area,  with  all  other  parameters  constant  except 
storage  capacity  (H),  the  contribution  to  the  total  system  value  by  thermal 
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storage  is  calculated  from  the  storage-coupled  solar  thermal  system  value  as 
follows: 


Total  Thermal 

Solar  Thermal 

Solar  Thermal 

Storage  Value 

System  Value 

h 

System  Value  jj-q» 

(5) 


where  the  last  term  refers  to  the  solar  thermal  system  with  no  storage  or  only 
buffer  storage.  This  calculation  may  be  repeated  to  provide  the  thermal  stor- 
age value  as  a function  of  both  solar  thermal  collector  area  and  location.  To 
identify  the  appropriate  combinations  of  storage  and  collector  area,  the  ratio 
of  system  cost  to  system  value  must  be  minimized  for  that  collector  area. 

The  approach  described  by  equation  (5)  has  been  followed  to  calculate  the 
value  of  thermal  storage  for  solar  thermal  electric  power  applications. 
Table  I presents  the  results  for  stand-alone  solar  thermal  plants  based  on  the 
Westinghouse  and  Aerospace  data.  The  values  shown  are  for  a plant  startup  in 
the  late  1980s  and  a small  solar  thermal  penetration  in  the  utility  grid  (less 
than  10%  of  the  peak  generation  capacity).  The  data  were  generated  employing 
conservative  to  average  fuel  price  assumptions  and  Barstow  technology.  For 
more  efficient  thermal  storage  concepts,  a higher  value  and  cost  goal  will 
result;  for  less  efficient  concepts  the  value  and  cost  goal  will  be  lower. 

The  cost  goals  in  Table  I are  the  total  capitalized  value  of  thermal  stor- 
age, which  include  direct,  nondirect,  and  O&M  costs.  Direct  costs  include 
equipment,  materials,  labor,  installation,  etc.  Nondirect  costs  are  generally 
calculated  as  a percentage  of  the  direct  costs.  Based  on  similarities  with 
conventional  power  plants,  the  following  nondirect  factors  are  employed  unless 
better  data  are  available: 

• contingency  and  spares — 15  %; 

• indirects  (licences,  fees,  studies,  etc.) — 10  %;  and 

• interest  during  construction — 19  %. 

The  total  is  a 44  % increase  in  the  direct  costs. 

Operations  and  maintenance  (O&M)  are  annual  costs.  The  capitalized  equiv- 
alent is: 


Capitalized  = 
O&M 


^Annual  \ /Levelizing' 

,0&M  Cost/  \Factor  f 

(Fixed  Charge  Rate) 


(6) 


Typical  data  for  electric  utilities  are; 

• annual  O&M  cost — 1-2  % direct  cost; 
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• levelizing  factor — 1.88;  and 

• fixed  charge  rate — 17  %. 

When  available,  actual  O&M  data  should  be  employed.  The  net  effect  is  to 

increase  the  cost  by  an  additional  11  % (O&M  1 %)  to  22  % (O&M  at  2 %)  of  the 
direct  capital  cost.  Combining  the  nondirect  and  O&M  factors,  the  total  capi- 
talized cost  is  1.55  to  1.66  times  the  direct  capital  cost.  This  cost  should 
be  compared  to  the  cost  goals  in  Table  I. 

Once  several  thermal  storage  concepts  are  established  to  be  within  the 
cost  goals  for  a program  element,  SERI  will  provide  comparisons  for  DOE  to 
identify  promising  candidates  for  development.  For  each  program  element  a ref- 
erence solar  thermal  system  and  thermal  storage  concept  are  defined.  Then,  the 
delivered  energy  costs  are  calculated  when  the  reference  thermal  storage  con- 
cept is  replaced  by  an  alternative,  with  all  other  parameters  constant  (i.e., 
storage  capacity,  collector  area,  location,  dispatch  strategy).  Each  of  these 
parameters  is  then  varied  systematically  over  its  expected  range.  This  proce- 
dure is  repeated  for  each  alternative,  and  the  delivered  energy  cost  for  all 
thermal  storage  concepts  are  then  compared. 

The  calculation  of  the  delivered  energy  cost  depends  strongly  upon  the 
cost  and  performance  of  the  thermal  storage  concepts.  This  information  will  be 
supplied  by  a subcontractor  with  experience  in  this  type  of  analysis.  This 
subcontractor  will  rework  the  thermal  storage  developer’s  data  to  ensure  that 
all  data  are  consistently  calculated  for  the  cost  and  performance  analysis. 

In  addition  to  the  cost  goals  and  the  delivered  energy  cost  of  each  con- 
cept, other  factors  will  be  considered  in  selecting  storage  concepts  for  devel- 
opment. These  include: 

• safety, 

• development  status  and  program  schedules, 

• applicability  to  several  program  elements, 

• development  cost, 

• development  risk,  and 

• program  priorities. 

The  Department  of  Energy,  NASA  Lewis  Research  Center,  Sandia  Livermore 
Laboratories,  and  SERI  will  participate  in  the  selection  of  the  storage  con- 
cepts for  development. 


CONCLUDING  REMARKS 


The  SERI  Solar  Energy  Storage  Program  summarized  in  this  paper  consists  of 
activities  in  advanced  technology  research  and  development  and  in  systems  anal- 
yses and  assessments.  Some  details  were  given  of  the  effort  in  latent  heat 
storage  research  and  the  systems  analysis  of  thermal  storage.  The  intent  of 
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all  these  activities  is  to  provide  technical  and  economic  information  that  will 
aid  the  rapid  selection  and  development  of  thermal  storage  technologies  for 
solar  applications.  At  this  time,  particular  emphasis  is  given  to  the  defini- 
tion of  thermal  energy  storage  for  solar  thermal  applications  because  of  the 
need  to  provide  appropriate  storage  technologies  for  the  solar  thermal  systems 
now  under  development.  In  the  future,  SERI's  Solar  Energy  Storage  Program  will 
assist  the  rapid  development  of  a variety  of  storage  technologies  which  will 
augment  the  displacement  of  conventional  fuels  by  renewable  solar  energy 
sources. 
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Table  1.  RECOMMENDED  COST  GOALS3  FOR  THERMAL  STORAGE  IN  SOLAR  THERMAL 
ELECTRIC  PLANTS 

(1976$) 


High 

Medium 

Low 

Insolation 

Insolation 

Insolation 

Storage  Capacity 

(Barstow,  CA) 

(Midland,  TX) 

(Seattle,  WA) 

(hours ) 

($/kwe)  ($/kwhe)b 

($/kWe) 

($/kwhe)b 

($/kWe) 

($/kwhe)b 

3 

255 

85 

120 

40 

60 

20 

6 

300 

50 

180 

30 

90 

15 

9 

c 

c 

225 

25 

110 

12 

aTotal  cost  of  a thermal  storage  concept  (including  power-related,  energy- 
related,  nondirects,  and  0&M)  must  be  lower  then  the  value-derived  cost 
goal. 


b$/kWe  = Total  thermal  storage  value. 

$/kWhe  = Average  thermal  storage  value;  equal  to  total  thermal  storage 
value  divided  by  h,  the  storage  capacity. 

cData  not  available. 
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ACTIVE  HEAT  EXCHANGE  SYSTEM  DEVELOPMENT  FOR  LATENT 
HEAT  THERMAL  ENERGY  STORAGE 


Joseph  Alario  and  Robert  Haslett 
Grumnan  Aerospace  Corporation 

PROJECT  OUTLINE 


Project  Title:  Active  Heat  Exchanger  System  Development  for  Latent  Heat 

Thermal  Energy  Storage 

Principal  Investigator:  J.  Alario 
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ACTIVE  HEAT  EXCHANGE  SYSTEM  DEVELOIMENT 

FOR  LATENT  HEAT  THERMAL  ENERGY  STORAGE* 

Joseph  Alario  and  Robert  Haslett 
Grumman  Aerospace  Corporation 


SUMMARY 


The  overall  objective  of  this  program  is  the  development  of  an  active 
heat  exchange  process  in  a latent  heat  thermal  energy  storage  (TES)  system 
which  is  suitable  for  utility  applications . Various  active  heat  exchange 
concepts  were  identified  from  among  three  generic  categories:  scrapers, 

agitators/vibrators  and  slurries.  The  more  practical  ones  were  given  a more 
detailed  technical  evaluation  and  an  economic  comparison  with  a passive  tube- 
shell  design  for  a reference  application.  Two  concepts  were  selected  for 
hardware  development:  l)  a direct  contact  heat  exchanger  in  which  molten 

salt  droplets  are  injected  into  a cooler  counterflowing  stream  of  liquid 
metal  carrier  fluid,  and  2)  a rotating  drum  scraper  in  which  molten  salt  is 
sprayed  onto  the  circumference  of  a rotating  drum,  which  contains  the  fluid 
heat  sink  in  an  internal  annulus  near  the  surface.  A fixed  scraper  blade 
removes  the  solidified  salt  from  the  surface  which  has  been  nickel  plated  to 
decrease  adhesion  forces. 

An  evaluation  of  suitable  Ihase  Change  Material  (PCM)  storage  media  with 
melting  points  in  the  temperature  range  of  interest  (250  to  400°C)  limited 
the  candidates  to  molten  salts  from  the  chloride,  hydroxide  and  nitrate 
families,  based  on  high  storage  capacity,  good  corrosion  characteristics  and 
availability  in  large  quantities  at  reasonable  cost.  The  specific  salt  rec- 
ommended for  laboratory  tests  was  a chloride  eutectic  (20.5KCL  o 24 . 5NaCL  o 
55-0*4gCl2 by  wt.),  with  a nominal  melting  point  of  385°C. 

At  this  point  in  time,  the  hardware  has  been  built  and  is  being  assem- 
bled and  instrumented  prior  to  test  evaluation. 


INTRODUCTION 


Thermal  energy  storage  is  a promising  method  for  extending  the  steam 
generating  capabilities  of  both  conventional  fossil  fuel  power  plants  and 
advanced  solar  thermal  energy  conversion  systems.  Excess  thermal  energy 
available  from  the  steam  boiler  (or  concentrating  solar  collector)  can  be 
stored  during  off-peak  demand  periods  and  then  used  to  increase  steam  capac- 


*Work  performed  for  NASA/Lewis  Research  Center  under  Contract  DEN  3-39  • 
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ity  during  peak  load  periods.  In  a solar  application,  this  stored  energy 
would  be  substituted  for  the  primary  energy  source  during  nonsunlight  periods. 

Using  the  latent  heat  of  fusion  (phase  change)  for  energy  storage  is 
particularly  attractive  because  the  heat  absorbed  per  pound  of  material  is 
relatively  high,  resulting  in  a more  compact  system.  However, . the  performance 
of  conventional  passive  tube  and  shell  heat  exchangers  is  impeded  by  the  high 
thermal  resistance  of  solid  deposits  on  the  discharge  tube  surfaces . Signif- 
icant performance  and  cost  benefits  can  be  realized  if  active  heat  exchange 
concepts  can  be  developed  which  prevent  the  buildup  of  a solid  salt  layer  on 
the  heat  transfer  surfaces.  This  program  was  initiated  to  design  and  test 
two  active  heat  exchange  concepts  for  latent  heat  thermal  energy  storage 
systems  suitable  to  the  utility  industry. 


DESCRIPTION  OF  DEMONSTRATION  CONCEITS 


Summary  of  Element  Test  Results 

In  support  of  our  concepts  evaluation  phase,  two  laboratory  scale  element 
tests  were  run  to  assess  the  capability  of  removing  solidified  PCM  from  the 
surface  of  a tube  treated  with  a non-stick  coating.  Two  types  of  tests  were 
conducted:  l)  a coupon  adhesion  test  with  sample  materials  (mild  steel, 

chrome  and  nickel  plated  steel,  titanium,  glass)  and  the  actual  chloride  salt 
eutectic,  and  2)  a visual  demonstration  using  an  impinging  stream  of  nitrogen 
bubbles  to  break  apart  solidified  PCM  around  a cooling  tube. 

Test  results  were  negative  and  discouraged  the  further  development  of 
those  concepts  that  relied  on  non-stick  surfaces  or  turbulence  within  the  PCM 
media.  The  chloride  salt  adhered  to  all  tube  surfaces  tested,  although  the 
highly  polished  nickel  and  chrome  plated  samples  gave  best  results.  The 
surface  turbulence  caused  by  impinging  gas  bubbles  did  not  impede  the  build- 
up of  PCM  around  a Teflon  tube  - the  most  non-sticking  of  surfaces. 


System  Description 

The  active  TES  heat  exchanger  system  (Figure  l)  consists  of  three  basic 
components : the  central  heat  exchanger  module;  a salt  module;  and  a liquid 

metal  module.  In  all  cases  the  storage  medium  is  a chloride  salt  eutectic 
(20*5  KCL  0 24.5  NaCL  o 55-0  MgClg)  and  the  heat  transfer  fluid  is  a liquid 
metal  lead-bismuth  eutectic  (44-5  Pb  o 55 -5Bi) . The  nominal  melting  points 
are  385°^  (T25°F)  for  the  salt  and  125°C  (257°P)  for  the  metal.  Test  modules 
have  been  designed  for  a storage  capacity  of  10  KWht  and  a heat  transfer  rate 
of  10  KW-fc . 

The  central  heat  exchanger  module  can  be  readily  configured  to  contain 
either  of  the  heat  exchange  concepts..  This  is  done  by  simply  replacing  the 
top  half  of  the  tank  with  the  necessary  hardware.  The  bottom  half,  which 
serves  as  the  storage  bin  for  the  solidified  salt,  is  used  by  both  concepts. 
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It  also  contains  electrical  firerod  heaters  which  are  used  to  melt  the  salt 
during  the  thermal  charging  cycle.  These  heaters  simulate  the  fluid  heat 
source  of  an  actual  application.  As  the  salt  melts,  it  drains  into  the  salt 
module,  which  acts  as  a holding  tank  for  the  molten  salt.  It  also  contains 
a submersible  pump,  driven  by  an  air  motor,  which  is  used  to  pump  the  molten 
salt  to  the  heat  exchanger  module  during  the  discharge  part  of  the  demo  cycle. 
Firerod  heaters  are  provided  to  control  the  initial  salt  temperature  and  to 
prevent  inadvertent  solidification. 

The  liquid  metal  is  used  as  a heat  transfer  fluid  to  remove  the  heat 
from  the  molten  salt,  which  takes  place  within  the  heat  exchange  module. 

The  metal  is  stored  in  the  liquid  metal  module  which  also  contains  the  pump 
used  to  pump  it  through  the  heat  exchanger  . Electrical  heaters  are  provided 
to  control  the  liquid  metal  temperature. 

During  the  thermal  discharge  cycle  operation,  the  heat  picked  up  by  the 
liquid  metal  from  the  molten  salt  is  transferred  to  an  open  water  cooling 
loop  through  an  annular  heat  exchanger.  The  cooled  metal  is  then  returned 
to  the  heat  exchange  module  where  it  can  once  again  serve  as  an  acceptable 
heat  sink.  This  process  continues  until  all  of  the  molten  salt  has  been 
solidified,  then  the  charging  cycle  can  be  started  again. 

All  tanks  and  piping  are  made  from  1020  mild  steel  or  equivalent,  except 
for  the  two  charge/drain  canisters  and  the  liquid  metal/water  heat  exchanger 
which  are  made  from  stainless  steel.  A gaseous  blanket  of  dry  nitrogen  at 
34.5  kPA  (5  psig)  is  used  to  protect  the  system  from  moisture  and  corrosion. 
All  of  the  tanks  and  plumbing  are  insulated  with  high  temperature  JM  Cera- 
blanket  insulation,  with  thermal  losses  estimated  at  less  than  5 percent. 
Thermocouples  are  provided  both  within  the  tanks  and  on  the  outside  surfaces 
of  the  plumbing.  Figure  2 shows  the  system  at  an  initial  assembly  stage. 


Direct  Contact  Heat  Exchanger 

This  concept  is  illustrated  in  Figure  3»  During  the  usage  cycle,  heat 
is  removed  from  the  salt  by  direct  contact  heat  transfer  with  a liquid  metal 
carrier  fluid  within  the  heat  exchange  reservoir.  (See  Figure  4).  Both  the 
heat  storage  and  carrier  fluids  must  be  completely  nonreactive  and  immiscible 
with  each  other.  The  molten  salt  is  pumped  from  the  holding  tank  into  the 
bottom  of  the  heat  exchange  reservoir  where  because  of  its  lower  density,  it 
bubbles  through  the  metal  giving  up  its  heat  as  it  solidifies.  At  the  same 
time,  the  heated  liquid  metal  returns  to  its  holding  tank  from  where  it  is 
pumped  to  a conventional  external  heat  exchanger.  Here  the  liquid  metal  re- 
leases its  energy  to  the  ultimate  heat  sink  fluid  (water  in  the  case  of  this 
demo  unit).  The  cooled  liquid  metal  is  then  returned  to  the  top  of  the  heat 
exchange  reservoir  where  it  can  once  again  be  heated.  As  the  solid  salt 
agglomeration  rises  to  the  top  of  the  heat  exchange  reservoir,  it  is  directed 
over  the  edges  and  falls  to  the  bottom  of  the  surrounding  tank.  It  remains 
there  until  the  next  charging  cycle,  when  the  entire  sequence  is  repeated. 
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Rotating  Drum  Scraper 


The  rotating  drum  heat  exchanger  concept  minimizes  the  required  heat 
transfer  surface  area  by  eliminating  most  of  the  thermal  resistance  within 
the  solidified  storage  medium  (e.g.,  salt).  This  is  accomplished  by  the 
action  of  a fixed  scraper  blade  which  continually  removes  the  solid  salt 
buildup  and  keeps  the  liquid  solid  interface  close  to  the  heat  exchange 
surface.  The  concept  as  proposed  for  this  demonstration  test  module  is 
illustrated  in  Figure  5. 

During  the  usage  or  discharge  cycle  (heat  removal  from  storage),  the 
molten  salt  flows  through  slit  nozzles  onto  the  circumference  of  the  rotating 
drum.  The  liquid  metal  heat  sink  fluid  flows  through  an  annular  passage  with 
in  the  drum,  cooling  the  outer  surface  and  freezing  the  molten  salt.  The 
solidified  layer  of  salt  is  then  scraped  off  after  making  a partial  (270  de- 
gree) rotation,  falling  into  a storage  bin  which  is  located  beneath  the  drum. 
The  storage  bin  also  contains  a source  fluid  heat  exchanger  which  is  used  to 
melt  the  salt  during  the  charging  cycle. 

Test  Evaluation  Plan 

The  general  test  objective  is  to  demonstrate  a 10  kWh-fc  storage  capacity 
and  a 10  kWt  heat  recovery  rate  at  the  nominal  design  conditions.  However, 
there  will  be  specific  performance  criteria  that  will  be  measured  in  order  to 
permit  a realistic  assessment  of  each  concept  and  determine  the  viability  of 
larger  scale  demonstration  units. 

Multiple  charge/discharge  cycles  will  be  run  to  evaluate  the  following: 

o Percentage  energy  recovery 

o Energy  expended  for  heat  recovery 

o Efficiency  of  energy  recovery  (energy  recovered-energy  expended) 
/energy  recovered 

o Heat  transfer  rate  as  a function  of  time 

o Effect  of  varying  critical  parameters  (flow  rates,  inlet  temperatures 
drum  speed,  etc . ) 

o Heat  losses  from  system 


HEAT  EXCHANGER 

LIQUIO  METAL/  MODULE 
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Fig.  2 Active  Heat  Exchange  System,  Preliminary  Assy 
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HEAT  STORAGE  IN  ALLOY  TRANSFORMATIONS* 

C.  Ernest  Birchenall 
University  of  Delaware 

SUMMARY 

Heats  of  transformation  of  eutectic  alloys  have  been  measured  for  many 
binary  and  ternary  systems  by  differential  scanning  calorimetry  and  thermal 
analysis.  Only  the  relatively  cheap  and  plentiful  elements  Mg,  Al,  Si,  P,  Ca, 
Cu,  Zn  were  considered.  A new  method  for  measuring  volume  change  during 
transformation  has  been  developed  using  x-ray  absorption  in  a confined  sample. 
Thermal  expansion  coefficients  of  both  solid  and  liquid  states  of  aluminum  and 
of  its  eutectics  with  copper  and  with  silicon  also  were  determined.  Prelimi- 
nary evaluation  of  containment  materials  lead  to  the  selection  of  silicon 
carbide  as  the  initial  material  for  study.  Possible  applications  of  alloy 
PCMs  for  heat  storage  in  conventional  and  solar  central  power  stations,  small 
solar  receivers  and  industrial  furnace  operations  will  be  examined. 

RESEARCH  PROGRAM 

The  initial  purpose  of  this  work  was  to  identify  alloys  that  transform 
by  the  eutectic  mechanism  or  by  congruent  melting  and  that  have  sufficiently 
large  heats  of  transformation  to  be  considered  for  heat  storage  applications. 
Where  good  precision  of  calorimetric  measurement  could  be  achieved,  heat 
capacities  of  the  solid  and  liquid  states  were  also  desired.  Because  the 
volume  change  during  transformation  was  considered  to  be  important  for  the 
design  of  a reliable  and  efficient  storage  system,  a new  method  based  on  x-ray 
absorption  was  devised,  to  be  tested  and  refined  for  the  study  of  this 
property.  It  was  recognized  that  the  cost  of  containment  is  likely  to  deter- 
mine the  feasibility  of  using  heat  storage  systems  in  various  applications, 
so  the  emphasis  in  the  program  is  shifting  toward  this  problem.  Although  it 
would  suffice  to  find  container  materials  to  hold  specific  alloys  in  their 
appropriate  temperature  ranges,  silicon  carbide  is  to  be  investigated  as  a 
material  that  might  serve  for  all  alloys  studied  over  the  whole  temperature 
range . 

As  alloy  characteristics  are  defined  by  measurement  it  becomes  possible 
to  develop  realistic  models  for  system  applications.  Modeling  should  permit 
cost  comparisons  of  alloy  storage  with  molten  salt  storage  for  the  same  overall 
system  operating  parameters.  Also  some  estimates  of  the  feasibility  of  using 
heat  storage  on  an  absolute  basis  should  be  possible  for  some  applications 
that  offer  no  technical  difficulties.  Work  of  this  sort  is  being  initiated 
and  the  emphasis  on  it  will  increase. 


*Under  National  Aeronautics  and  Space  Agency  Grant  No.  NSG  3184  funded  by 
the  Division  of  Energy  Storage  Systems,  Department  of  Energy. 
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RESULTS  TO  DATE 


The  quantitative  measurements  are  summarized  in  Tables  1 (heat  of 
transformation  and  heat  capacity)  and  2 (volume  change  during  melting  and 
coefficients  of  thermal  expansion) . For  alloys  that  transform  below  970K  the 
thermal  measurements  have  been  made  by  differential  scanning  calorimetry  (DSC) 
with  an  estimated  precision  of  3 pet.  for  heats  of  transformation  and  10  pet. 
for  heat  capacities.  Alloys  that  transform  at  higher  temperature  have  been 
measured  by  differential  thermal  analysis  (DTA)  with  an  estimated  precision 
of  about  5 pet.  for  heats  of  transformation.  Work  is  in  progress  to  attempt 
to  improve  the  heat  capacity  measurements  in  the  high  temperature  range. 

The  alloys  with  underlined  compositions  are  the  best  in  their  respec- 
tive temperature  ranges.  Between  779  and  852K  the  alloys  do  not  appear  to 
have  competition  from  other  materials  when  comparisons  are  made  on  either  a 
mass,  or  especially  a volume,  basis.  The  Si-Mg  eutectic  at  1219K  is  likely 
to  be  most  advantageous  for  any  applications  in  that  temperature  range.  Below 
608K  metallic  storage  does  not  appear  to  be  feasible  without  the  use  of  more 
expensive  metals  such  as  Pb,  Sn,  Bi  and  Sb.  Inorganic  salt  eutectics  are  much 
more  likely  to  be  used  in  this  range. 

The  volume  change  measurements  show  that  the  aluminum  eutectics  expand 
about  5 pet.  on  melting,  in  contrast  with  some  salts  which  expand  more  than 
20  pet.  The  7 pet.  expansion  of  pure  aluminum  is  likely  to  be  close  to  the 
maximum  among  the  alloys  being  considered  for  heat  storage  applications. 

The  volume  change  measurements  reported  were  done  by  absorption  of 
x-rays  from  a conventional  generator  for  an  x-ray  diffraction  apparatus.  The 
characteristic  radiation  from  a copper  or  molybdenum  tube  was  selected 
using  absorption  filters  and  an  energy  dispersive  counting  system  with 
discriminator  or  by  using  a graphite  crystal  monochromator  at  the  source  with 
the  same  detector  system.  A new  system  offering  greater  stability  and 
simplicity  with  some  sacrifice  in  intensity  has  been  assembled  in  which  AgK# 
radiation  from  radioactive  Cd  109  is  the  x-ray  source.  With  this  simpler 
system  it  is  anticipated  that  higher  furnace  temperatures  can  be  achieved 
because  the  furnace  does  not  have  to  fit  on  a diffractometer  track. 

WORK  IN  PROGRESS 

A few  additional  alloys  are  to  be  melted  in  search  of  new  ternary  or 
quaternary  eutectics  or  congruently  melted  intermetallic  phases.  Newly 
discovered  ternary  eutectic  alloys  in  the  Mg-Cu-Ca  and  Mg-Si-Cu  systems  and 
a new  ternary  intermetallic  phase  in  Cu-Si-P  will  have  their  heats  of 
transformation  determined  by  calorimetry.  The  only  additional  calorimetric 
measurements  that  are  planned  are  checks  on  values  that  do  not  appear  to  be 
consistent  with  expectations  or  in  which  errors  may  have  arisen  owing  to  vapor 
losses  of  one  of  the  components 

The  volume  measurements  will  be  extended  to  cover  the  most  promising 
eutectic  systems.  It  is  anticipated  that  the  casting  of  pore-free  samples  is 
the  most  difficult  and  critical  step  in  the  procedure.  Several  other  metals 
and  possibly  some  eutectic  salts  will  be  measured  for  comparison. 
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SiC  test  plates  are  being  prepared  for  determining  chemical  compati- 
bility with  the  eutectic  alloys.  Wetting  angles,  weight  loss  and  the 
structures  of  phases  that  grow  at  the  interface  will  be  considered  in 
assessing  the  suitability  of  this  material.  Some  conventional  high  tempera- 
ture alloys  also  will  be  tested  for  comparison.  Later  the  preparation  of 
alloys  with  coated  surfaces  will  be  attempted  if  the  need  remains. 

APPLICATIONS  APPRAISAL 

Heat  storage  might  offer  economic  advantages  for  applications  at 
several  size  levels.  Only  those  applications  whose  storage  might  be  done 
between  670  and  1220K  will  be  considered.  The  following  types  of  systems 
applications  will  be  surveyed:  1.  Storage  to  level  the  heat  generating  rate 

of  fossil-  or  nuclear-fueled  central  power  stations.  2.  Short  term  storage 
to  regulate  the  temperature  of  solar  receiver  surfaces  and  long  term  storage 
to  match  solar  input  to  output  demand.  3.  Storage  with  temperature  regulation 
by  the  transformation  in  industrial  furnaces.  4.  High  temperature  storage  of 
heat  for  home  comfort  control. 

The  purpose  of  1 is  to  improve  heat  generating  efficiency  of  central 
power  stations.  However,  the  need  for  load-following  electrical  generating 
capacity  would  not  be  eliminated.  The  system  load  might  be  leveled  if  enough 
distributed  heat  storage  of  type  3 could  be  installed.  Solar  receivers,  large 
or  small,  must  absorb  heat  at  high  flux  density  during  periods  of  high 
insolation.  They  require  short  term  storage  to  smooth  the  fluctuations  in 
solar  radiation  intensity  and  long  term  storage  to  supply  energy  at  night  and 
during  periods  of  dense  cloud  cover.  Industrial  furnaces  often  are  operated 
isothermally , a condition  supplied  naturally  by  eutectic  storage.  The 
problem  in  this  application  is  a simple,  reliable  detector  to  signal  when  the 
alloy  is  nearly  completely  melted  or  nearly  completely  frozen.  Economy  might 
be  achieved  in  this  application  if  energy  is  taken  during  off-peak  periods 
for  use  during  peak-load  periods  when  labor  is  likely  to  be  cheaper.  The 
benefit  from  alloy  storage  for  home  comfort  conditioning  must  come  from  the 
large  reduction  in  storage  volume  when  compared  with  storage  in  hot  rocks  or 
water. 


One  or  more  specific  cases  will  be  chosen  for  engineering  evaluation 
of  the  potentialities  of  alloy  storage.  It  appears  that  the  industrial 
furnace  storage  and  control  and  solar  receiver  storage  may  be  the  most 
favorable  cases  at  this  stage  of  development  of  the  alloy  storage  technology. 
However,  only  a few  preliminary  calculations  have  been  done. 

CONCLUSIONS 

Eutectic  alloy  systems  with  good  volumetric  heat  storage  density  have 
been  demonstrated  for  the  temperature  range  670  to  1220K.  The  volume  changes 
during  transformation  appear  to  be  near  5 pet.  The  alloys  that  do  not  contain 
Ca  appear  to  be  compatible  with  graphite  as  a container  material.  SiC  should 
be  less  reactive,  stronger  and  a better  heat  conductor.  Containment  in  coated 
alloys  also  may  be  practical. 

Heat  storage  in  alloy  transformations  should  be  technically  feasible  for 
a wide  range  of  applications.  Studies  are  being  started  to  determine  which  are 
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likely  to  be  the  most  favorable  applications  economically  for  the  present 
state  of  understanding. 


Table  1.  Thermal  Properties  of  Selected  Metal  Eutectics 


Alloy 

(Mole  Fractions) 

Eutectic 

Temperature 

(°K) 

Maximum  Heat  Storage 
Capacity  in  kJ/kg 

Heat 
Capacity 
kJ/kg- °K 

Calculated 

Measured* 

Mg-0.24Zn-0.05Si 

608 

260 

Mg-0. 29Zn 

616 

230 

210 

.1.04s 

l1.511 

Mg-0.14Zn-0.14Ca 

673 

405 

- - 

Al-0.35Mg-0.06Zn 

720 

406 

310 

.1.73s 

Al-0. 375Mg 

724 

376 

310 

*1.621 

Mg-0.13Cu-0.08Zn 

725 

408 

253 

- - 

Al-0.17Cu-0.16Mg 

779 

406 

360 

.1.09s 

*1.181 

Mg-0. 105Ca 

790 

431 

269 

- - 

Al-0.175Cu 

821 

359 

353 

.1.11s 

*1.111 

Al-0 . 126S1-0 . 051Mg 

833 

549 

545 

.1.39s 

*1.211 

Mg„Cu 

841 

398 

243 

- - 

Al-0.31Cu-0.07Si 

844 

561 

423 

- - 

Al-0. 12Si 

852 

571 

515 

.1.49s 

*1.271 

MgZn2 

861 

259 

220 

- - 

Zn-0.4Cu-0.15Mg 

978 

313 

Cu-0. 157P 

987 

*Cu-0 . 25P-0 . 14Zn 

993 

368 

Cu-0. 42Mg 

995 

235 

*Si-0. 35Cu-0. 28Mg 

1023 

892 

422 

*Cu-0. 17Zn-0. 15Si 

1038 

125 

Cu-0.29Si 

1076 

308 

196 

*Cu-0.13Si-0.17P 

1093 

92 

Cu-0. 49Ca 

1106 

25 

*Si-0 . 45Mg-0 . 07Zn 

1207 

310 

Si-0.471Mg 

1219 

1212 

805 

*By  Alan  Riechman  and  Diana  Farkas 
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Table  2.  Density  Changes  During  Melting  for  A1  and  Two  Al-Eutectic  Alloys. 

Linear  (Solid)  and  Volumetric  (Liquid)  Expansion  Coefficients.* 
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Project  Goals:  The  primary  objective  is  to  evaluate  the  feasibility  of 

direct  contact  heat  transfer  in  phase  change  energy  storage  using 
aqueous  salt  systems.  A secondary  objective  is  to  improve  knowledge 
and  understanding  of  heat  and  mass  transfer  in  direct  contact  aqueous 
crystallizing  systems. 

Project  Status:  In  order  to  facilitate  research  into  this  energy  storage 

device,  the  project  was  divided  into  four  major  research  areas: 

(1)  crystal  growth  velocity  study  on  selected  salts 

(2)  selection  of  salt  solutions 

(3)  selection  of  immiscible  fluids 

(4)  studies  of  heat  transfer  and  system  geometry 

(5)  system  demonstration. 

The  project  status  is  as  follows: 

(1)  This  study  is  complete.  Crystal  growth  data  was  previously  obtained 
for  Na2HPC>4  • 7H20,  Na2HP04  • 12H20,  Na2S04  • IOH2O  and  Na2C03  • 

IOH2O  (1) . During  the  past  year  data  on  Na2S203  ■ 5H20  were  also 
obtained. 

(2)  This  study  is  complete.  Sodium  carbonate  and  calcium  nitrate  were 
found  unacceptable  for  this  storage  system  but  sodium  thiosulfate, 
disodium  hydrogen  phosphate,  sodium  sulfate  and  calcium  chloride  were 
found  to  be  acceptable  (1). 

(3)  The  two  most  promising  candidates  of  over  160  potential  immiscible 
fluids  were  tested  in  a bench  scale  direct  contact  energy  storage  device. 

(4)  This  study  is  complete.  It  was  found  that  while  the  number  of  im- 
miscible fluid  diffusers  did  not  change  the  storage  efficiency,  in- 
creasing the  storage  container  height  did  increase  the  storage  effi- 
ciency (1) . 

Contract  Number:  EY-76- S-05-5190 

Contract  Period:  6/1/76  - 5/31/79 

Funding  Level:  $139,000 

Funding  Source:  Department  of  Energy,  Division  of  Energy  Storage  Systems 
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Background : 

Thermal  energy  storage  is  clearly  an  essential  component  of  a solar  energy 
system.  Indeed,  in  optimizing  the  overall  performance  of  virtually  any  conven- 
tional or  nonconvent ional  energy  system,  the  storage  of  thermal  energy  is  re- 
quired. Heat  of  fusion  systems  clearly  offer  a great  potential  for  high  density 
storage  of  thermal  energy,  but  this  potential  has  been  difficult  to  realize 
in  practice  due  to  phase  segregation,  slow  rates  of  energy  transport,  long  term 
degradation,  nucleation  problems  and  the  corrosive  nature  of  the  systems.  Direct 
contact  heat  transfer  between  the  aqueous  crystallizing  solution  and  an  immiscible 
heat  transfer  fluid  has  been  proposed  as  a solution  to  these  difficulties  (2,3, 
4,5).  A feasibility  study  of  this  technique  has  been  in  progress  at  Clemson 
since  1975. 

The  essence  of  the  technique  is  that  a fluid,  (lower  in  density  and  immi- 
scible with  the  aqueous  salt  solution)  is  introduced  at  the  bottom  of  the 
storage  vessel  as  a dispersed  phase.  As  bubbles  of  this  fluid  rise  through 
the  vessel,  they  transfer  heat  to  or  from  the  salt  solution,  and  also  agitate 
the  vessel  contents.  The  heat  transfer  fluid  is  pumped  through  the  remainder 
of  the  primary  heat  transfer  loop  (e.g.,  solar  collectors  or  heat  pump  exchanger 
and  the  air  heating  units  of  a residential  heating  system.)  Figure  1 is  a 
schematic  of  the  immiscible  fluid-heat  of  fusion  storage  system. 

Results  and  Discussion: 

1.  Crystal  Growth  Velocity  Studies 

This  fundamental  area  of  study  was  reported  on  at  the  third  annual  thermal 
energy  storage  contractor's  information  exchange  meeting  (.1).  The  same  apparatus 
previously  detailed  was  used  to  collect  crystal  growth  data  for  Na2S203 
5H2O.  This  growth  data  is  shown  in  Figure  2.  For  a given  undercooling  only 
Na2CC>3  . 10  H2O  grew  significantly  faster.  Na2S04  . HH2O,  Na2HP04  • 12H20  and 
Na2ffl?04  • 7H2O  all  had  slower  growth  rates.  Commercially  available  CaCl2  was 
so  impure  that  reliable  growth  data  could  not  be  obtained  for  CaCl2  * 6H2O  . 

2.  Selection  of  Salt  Solutions: 

This  study  was  completed  in  1978  and  was  previously  reported  (1) . 

3.  Selection  of  Immiscible  Fluids: 

A list  of  over  160  potential  immiscible  fluids  was  compiled  at  the  beginning 
of  this  study.  Excessively  high  cost,  toxicity  or  high  density  ruled  out  many 
fluids.  Bench  scale  tests  showed  that  fluid  viscosities  greater  than  4-5  cp 
resulted  in  excessive  carry-over  of  salt  solution  during  cycling  of  the  storage 
system.  Properly  placed  and  sized  screens  within  the  immiscible  fluid  extended 
the  viscosity  range  to  about  lOcp.  Various  separator  designs  were  investigated 
including  beads  floating  at  the  interface.  Two  of  these  fluids,  Marcol  72  and 
Therminol  60,  were  selected  for  testing  in  the  bench  scale  apparatus.  The  fluids 
were  evaluated  for  solution  carry-over,  and  for  system  energy  storage  efficiency, 
using  disodium  hydrogen  phosphate  as  the  storage  medium. 
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Solution  carry-over  was  determined  by  measuring  the  aqueous  liquid 
volume  collected  in  a separator  downstream  of  the  storage  vessel  exit,  and 
by  monitoring  the  salt  concentration  in  the  heat  transfer  fluid  by  means 
of  atomic  absorption  spectroscopy.  The  system  was  cycled  through  a series 
of  consecutive  runs  (15  with  Marcol,  13  with  Therminol) , and  periodic  mea- 
surements made.  The  total  aqueous  volume  collected  was  20  mJl  in  the  case 
of  Marcol  72,  and  7 m&  for  Therminol  60,  This  represents  under  2%  of  the 
system  volume  in  the  former  case,  and  well  under  1%  in  the  latter.  The 
salt  concentration  (as  dodecahydrate)  in  the  fluid  reached  a maximum  of 
120  pg/mJl  in  the  case  of  Marcol,  and  32  pg/m£  with  Therminol,  both  well 
under  0.01%  by  mass. 

The  aqueous  solution  entrained  in  the  heat  transfer  fluid  was  quite 
finely  dispersed,  and  it  seems  quite  likely  that  the  separator  did  not 
collect  all  of  it.  Upon  shutdown  after  the  15  cycle  Marcol  run,  no  ob- 
servable salt  deposition  was  found  in  the  system,  nor  were  deposits  ob- 
served in  the  case  of  the  Therminol  run.  While  this  did  not  represent 
conclusive  proof  of  the  absence  of  carry-over  problems  in  operation  of 
the  direct  contact  system  with  these  fluids,  it  certainly  was  promising. 

The  system  thermal  efficiency  was  also  monitored  during  the  consecu- 
tive cycles  described  above  to  ascertain  any  effect  of  heat  transfer 
fluid  on  system  thermal  storage  performance.  The  average  storage  effici- 
ency for  12  cycles  of  Marcol  72  was  77.6%  and  for  12  cycles  of  Therminol 
60  was  74.3%.  Thus  the  choice  of  fluid  did  not  appear  to  change  the 
storage  efficiency. 

It  was  observed  that  the  average  storage  efficiencies  obtained 
compare  well  with  the  value  obtained  earlier  for  disodium  hydrogen  phos- 
phate and  Varsol  (1).  Significantly,  there  was  no  trend  of  efficiency 
with  extent  of  cycling  with  Marcol  72.  That  is,  no  degradation  of  per- 
formance was  evident.  With  Therminol,  only  two  cycles  were  monitored  for 
efficiency.  One  aspect  of  the  system  operation  that  did  improve  signi- 
ficantly with  time  was  the  degree  of  under-cooling,  which  decreased  ap- 
preciably as  operation  of  the  storage  system  continued.  With  Therminol 
60  the  undercooling  (subcooling  below  the  ghase  transition  temperature 
before  the  onset  of  crystallization)  was  8 on  the  first  cycle,  and  less 
then  1 C on  the  eighth  and  subsequent  cycles. 

Based  on  these  results,  and  consideration  of  the  physical  properties 
of  the  fluids,  Therminol  44  also  appeared  to  be  an  especially  attractive 
candidate  for  use  in  direct  contact  storage  units.  Its  flash  point  is 
higher  than  that  of  Marcol  72,  yet  its  viscosity  is  appreciably  lower, 
implying  lower  carry-over.  No  operational  data  are  available  at  present, 
however . 

4.  Studies  of  Heat  Transfer  and  System  Geometry: 

This  study  was  completed  in  1978  and  was  previously  reported  (1) . 

5.  System  Demonstration: 

Using  the  results  of  these  four  preliminary  studies  a pilot  scale 
system  was  constructed  and  tested  over  a one  month  period.  An  overall 
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schematic  diagram  of  the  apparatus  is  shown  in  Figure  3.  The  storage  vessel 
was  constructed  from  mild  steel  plate  coated  with  epoxy  paint  to  prevent  cor- 
rosion. The  tank  was  80  cm  high  by  60.6  cm  in  diameter,  flanged  on  top  to 
allow  insertion  of  the  immiscible  fluid  feed  manifold.  The  tank  was  insulated 
with  8.9  cm  of  fiberglass  to  reduce  heat  loss  to  the  environment. 

The  immiscible  fluid  diffusers  used  in  this  experiment  were  made  from  one 

inch  (.2.54  cm)  plexiglass  rod.  The  six  diffusers  were  connected  to  a feed  mani- 
fold which  hung  from  the  tank  lid  and  was  inserted  into  the  tank  as  a unit. 

A phase  separator  was  placed  into  the  system  below  the  immiscible  fluid 
exit . The  basket  for  the  phase  separator  was  constructed  from  one-quarter 
inch  mesh  screen.  The  basket  had  a depth  of  five  inches  (12.72  cm)  and  a 
width  of  fourteen  inches  (35.56  cm).  The  packing  material  for  the  phase  sep- 
arator was  approximately  one  inch  thick  fiberglass.  In  addition,  a layer  of 
polyethylene  beads  approximately  5 cm  thick  was  floated  at  the  solution-fluid 
interface. 

A separator  tank  was  placed  on  the  exit  of  the  storage  tank  to  collect 
any  remaining  salt  solution  carry-over  by  the  immiscible  fluid. 

In  order  to  have  approximately  constant  flow  rates,  a positive  dis- 
placement gear  pump  was  used.  To  prevent  over-pressurization  of  the  system 
during  crystallization,  a pressure  switch  was  installed  on  the  tank  inlet. 

This  switch,  set  at  thirty-five  psig,  tripped  an  alarm  input  to  the  data- 
logging and  control  computer  which  switched  the  system  to  heating  for  a timed 
period  to  "defrost"  the  diffuser  exit  area. 

The  tank  temperature  was  monitored  with  several  thermocouples  and  a three 
junction  thermopile  was  used  to  determine  the  temperature  difference  between 
the  inlet  and  outlet  immiscible  fluid  temperatures.  Immiscible  fluid  flow  rates 
were  continuously  monitored.  Further  details  on  the  apparatus  and  experi- 
mental procedure  are  given  by  Mills  (6) . 

Calorimetric  Studies 


Thermal  storage  efficiency  was  measured  to  detect  any  salt  degradation 
with  continuous  cycling.  Thermal  storage  efficiency  is  defined  as  the  amount 
of  energy  added  to  or  withdrawn  from  the  salt  solution  divided  by  that  which 
could  be  obtained  if  thermodynamic  equilibrium  was  achieved.  An  efficiency 
of  100%  would  indicate  that  equilibrium  has  been  reached. 

Several  calorimetric  runs  were  made  with  water  as  the  storage  medium 
in  order  to  calibrate  the  apparatus.  In  these  runs  the  "efficiency"  should 
always  be  100%  with  deviations  from  this  value  indicative  of  experimental 
error.  The  overall  average  efficiency  for  both  heating  and  cooling  was 
97.1%.  Possible  sources  of  error  include  inaccuracies  in  measuring  the  flow 
rate  and  the  AT  across  the  thermopile  and  an  error  in  the  overall  heat  trans- 
fer coefficient  for  the  tank.  The  2.9%  error  in  closure  was  judged  to  be 
adequate  to  proceed  with  the  salt  studies. 

For  the  Marcol-disodium  phosphate  system  cycled  for  22  days  the  average 
cooling  and  heating  efficiencies  were  72.0%  and  66.4%,  respectively.  The 
cooling  efficiency  was  lower  than  the  average  cooling  efficiencies  (77.3%) 
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obtained  in  earlier  bench  scale  work  by  Marra  (7),  Costello  (8),  and  Kizer  (9). 
The  earlier  researchers  used  an  ~2  C (3.6°F)  approach  (between  inlet  and  out- 
let streams  to  indicate  when  the  cycle  was  complete,  while  in  this  work  it 
was  felt  that  5 F (2.77  C)  approach  was  the  closest  approach  the  system  would 
problbly  achieve  in  practical  operation.  Since  at  this  point  some  crystalli- 
zation was  still  occurring  in  the  tank,  extending  the  cycle  should  give  in- 
creased efficiencies.  A cooling  run  performed  subsequently  with  a AT  approach 
of  2.25°C  (4.05°f)  gave  an  efficiency  76. OZ,  only  1.3%  lower  than  the  average 
cooling  efficiencies  obtained  by  the  other  researchers.  No  undercooling  was 
observed . 


Effects  of  Carry-Over  on  System  Performance 

The  main  thrust  of  this  research  was  to  test  the  performance  of  the 
proposed  direct  contact-latent  energy  storage  system  on  a pilot  scale.  The 
single  most  important  question  was  the  effect  that  carry-over  of  the  salt 
solution  by  the  immiscible  fluid  would  have  on  the  performance  of  the  system. 

Polyethylene  beads  floating  at  the  Marcol-salt  solution  interface  served 
as  a primary  phase  separator.  A second  phase  separator  was  then  placed  in 
the  tank  in  the  immiscible  fluid  above  the  floating  bead  layer.  This  phase 
separator  was  made  from  fiberglass  filter  material  attached  to  a quarter  inch 
screen  mesh  basket  below  the  Marcol  exit. 

To  monitor  the  apparent  salt  concentration  buildup,  atomic  absorption 
analysis  (the  analytical  procedure  is  given  by  Marra  (7))  was  used. 

Table  I shows  the  results  of  the  atomic  absorption  analysis  for  days 
13  through  22  of  the  extended  cycle  tests.  Note  that  the  cooling  runs  had 
a much  lower  salt  concentration  than  the  heating  runs,  thus  indicating  that 
salt  was  depositing  from  the  Marcol  somewhere  in  the  system.  The  overall 
level  of  salt  concentration  in  the  Marcol  rose  on  successive  runs,  thus 
indicating  greater  potentials  for  salt  deposition.  The  amount  of  carry- 
over collected  in  the  separation  tank  also  increased  with  time  as  can  be 
seen  in  Table  II.  On  the  nineteenth  day  of  the  extended  cycle  tests,  2.85 
gallons  (10.8  liters)  carried  over  into  the  separator  tanks,  over  a hundred 
times  the  normal  amount.  Evidently  the  separator  beads  must  have  been  ag- 
glomerated by  crystallizing  salt.  The  Marcol  would  then  collect  below  the 
bead  layer,  lift  the  beads  to  the  top  of  the  tank  and  pass  large  quantities 
of  the  salt  solution.  Such  behavior  had  been  observed  in  the  bench  scale 
apparatus  [Marra  (7) ] . Table  II  also  shows  the  number  of  "defrost"  cycles 
per  cooling  run  for  this  set  of  salt  runs.  The  number  of  "defrost"  cycles 
decreased  significantly  after  the  2.85  gallons  of  salt  solution  was  carried 
over  on  the  nineteenth  day.  Subsequently,  the  number  of  cycles  started  to 
increase  again  with  each  succeeding  run. 

In  his  studies  of  Marcol  72  and  Therminol  60  Marra  found  that  the 
concentration  of  salt  hydrate  increased  in  the  immiscible  fluid  with  time. 
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The  same  behavior  was  found  in  this  study  and  suggests  that  the  salt  hydrate 
concentration  will  build  up  to  a level  resulting  in  salt  deposition  from  the 
Immiscible  fluid  irrespective  of  the  immiscible  fluid  used. 

On  day  twenty-four  of  the  run  the  inlet  pressure  during  a cooling  cycle 
failed  to  drop  below  twenty-five  psig  after  the  "defrost"  cycle.  Since  the 
system  was  evidently  again  getting  plugged  with  salt  deposits,  the  system  was 
again  cleaned  out  and  Varsol  used  to  replace  the  Marcol  as  the  immiscible  fluid 
to  investigate  the  effect  of  fluid  on  the  fouling  problem.  Unfortunately,  after 
one  day  a mechanical  failure  of  the  pump  forced  shut-down.  Upon  opening  the 
storage  tank,  it  was  found  that  the  salt  had  backed  up  partially  into  the 
diffusers,  and  then  crystallized. 

As  no  suitable  replacement  pump  was  available,  the  study  was  terminated 
to  allow  evaluation  and  redesign  of  the  system  before  resumption  of  the  in- 
vestigation. 

A simple  experiment  verified  that  the  salt  in  the  Marcol  was  crystal- 
lizing onto  cool  heat  exchange  surfaces.  Three  gallons  of  hot  Marcol  that 
had  been  drained  from  the  surge  tank  were  placed  in  a bucket  with  a cooling 
coil  immersed  in  it.  Upon  examination  of  the  coil  after  two  days  salt  cry- 
stallized from  the  Marcol  was  observable  on  the  coil. 

CONCLUSIONS 

1.  The  thermal  storage  efficiencies  obtained  in  this  pilot  scale  study  are 
consistent  with  efficiencies  obtained  in  bench  scale  studies. 

2.  The  disodium  phosphate  showed  no  signs  of  degradation  during  the  run. 

3.  Salt  solution  carry-over  presents  a significant  problem  to  system  operability, 
with  salt  deposition  from  the  immiscible  fluid  occurring  in  the  heat  exchanger 
during  the  cooling  runs. 

4.  Modifications  to  the  system  design  to  counteract  the  detrimental  effects 
of  salt  carry-over  and  of  diffuser  plugging  must  be  devised  to  achieve  a 
viable  direct  contact  phase  change  unit. 

RECOMMENDATIONS 

It  is  quite  clear  from  this  and  previous  studies  that  significant  salt 
solution  carry-over  in  the  immiscible  fluid  is  inevitable,  and  a successful 
system  design  must  allow  for  the  inevitable  salt  deposition.  In  this  regard, 
three  key  principles  are  evident.  First,  the  surge  tank  external  to  the 
storage  vessel  must  be  eliminated  by  allowing  expansion  volume  in  the  storage 
vessel  itself.  Second,  the  heat  exchanger  design  must  allow  for  salt  deposi- 
tion during  cooling  cycles.  By  using  sufficiently  large  tubes  an  external 
forced  convection  heat  exchanger  system  should  be  feasible.  This  clearly 
should  be  closely  coupled  to  the  storage  tank,  and  located  downstream  of  the 
pump.  Finally,  the  immiscible  fluid  feed  manifold  should  be  designed  to 
allow  introduction  of  the  fluid  at  various  levels  in  the  tank  depending  on 
pressure  drop.  Thus,  as  crystallization  proceeds  and  blocks  diffusers  low 
in  the  tank,  outlets  higher  in  the  tank  would  become  active.  On  heating 
cycles  the  tank  would  then  be  melted  from  the  top  down. 
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One  scheme  for  dealing  with  the  heat  exchange  problem,  proposed  by  Barlow 
(10)  and  by  Helshoj  (11) , is  to  locate  it  within  the  heat  transfer  fluid  layer 
at  the  top  of  the  storage  vessel.  Both  also  proposed  means  for  varying  the 
point  of  fluid  introduction  with  state  of  crystallization.  However,  the  in- 
ternal heat  exchanger,  while  very  attractive  from  the  point  of  view  of  mini- 
mizing the  effect  of  deposition,  may  present  severe  heat  transfer  rate  limita- 
tions due  to  the  limited  heat  transfer  area  and  the  natural  convection  mechanism. 
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Average  Linear  Crystal  Growth  Rate  (nnt/min) 


Figure  1.  Iimilsclble  Fluid  - Heat  of  Fusion  Storage  System. 


Figure  2.  Average  Linear  Crystal  Growth  Rate  of  Sodium  Thiosulfate 
Pentahydrate  in  a 55.00  Mass  Percent  Solution  as  a 
Function  of  Undercooling. 
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Figure  3.  Schematic  of  Pilot  Scale  Energy  Storage  Apparatus 


TABLE  I. 

Atoaic  Absorption  Analysis 
Results  for  the  Extended  Salt  Run 

TABLE  II. 

Carry-Over  Data 
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SEASONAL  THERMAL  ENERGY  STORAGE 


Program  Area  Synopsis: 

The  objective  of  the  STES  Program  is  to  demonstrate  the  economic 
storage  and  retrieval  of  energy  on  a seasonal  basis,  using  heat  or  cold 
available  from  solar,  industrial  or  utility  sources  during  an  energy 
surplus  season  for  use  during  peak  demand  periods.  The  initial  thrust 
of  the  STES  program  is  toward  utilization  of  aquifers  for  thermal  energy 
storage.  Seasonal  storage  in  aquifers  will  be  evaluated  in  the  Aquifer 
Thermal  Energy  Storage  Demonstration  Program,  beginning  with  conceptual 
design  of  site  specific  systems  which  will  store  energy  from  solar, 
industrial,  or  utility  sources  and  utilize  energy  for  district  space 
conditioning,  process  or  agricultural  purposes,  and  continuing  through 
the  construction  and  operation  of  a smaller  number  of  Demonstration 
Projects.  A parallel  Technical  Support  Program  will  provide  data  on 
aquifer  behavior,  data  from  field  tests,  economic  and  mathematical 
modeling  data.  The  program  will  also  monitor  work  on  pond,  lake,  and 
earth  storage;  primarily  under  IEA  sponsorship  and  evaluate  the  need  for 
additional  field  tests. 
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AQUIFER  THERMAL  ENERGY  STORAGE  PROGRAM 
Kenneth  Fox 

Pacific  Northwest  Laboratory 
PROJECT  OUTLINE 

Project  Title:  Aquifer  Thermal  Energy  Storage  Program 

Principal  Investigator:  Kenneth  Fox 

Organization:  Pacific  Northwest  Laboratory 

P.  0.  Box  999 
Richland,  WA  99352 

Telephone:  (509)  942-0891  FTS:  444-0891 

Project  Goals:  To  stimulate  the  interest  of  industry  by  demonstrating 

the  feasibility  of  utilizing  an  aquifer  for  seasonal 
thermal  energy  storage.  Technical,  economic, 
environmental  and  institutional  feasibility  are  being 
consi dered. 

This  program  is  divided  into  two  phases: 

Phase  I - This  phase  consists  of  the  preparation  of 
conceptual  designs  for  fully  integrated  thermal  energy 
storage  systems  which  include  an  energy  source,  thermal 
transport,  a storage  aquifer  and  a user  application.  Up 
to  ten  conceptual  designs  will  be  prepared  on  a cost 
reimbursable  basis.  Each  proposal  will  be  specific  to 
one  of  the  following  categories:  a)  High  Temperature 

Heat  Storage  ( 100°C);  b)  Low  Temperature  Heat  Storage 

( 100°C);  c)  Chill  Storage;  d)  Combined  Heat  and  Chill 

Storage.  Proposals  are  due  on  December  5.  Contractor 
selection  will  be  completed  by  March  and  design  work 
should  start  July,  1980.  The  nominal  time  frame  for 
conceptual  design  is  two  years. 

Phase  II  - Upon  completion  of  the  conceptual  designs,  up 
to  five  will  be  selected  for  final  design,  construction, 
startup,  and  operation.  This  work  will  be  accomplished 
on  a cost  sharing  basis  between  DOE  and  the  operating 
entity.  The  nominal  time  frame  for  this  phase  is  three 
years. 
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Project  Status: 


Contract  Number: 
Contract  Period: 
Funding  Level: 
Funding  Source: 


RFP  Promulgated: 

Proposer's  Conference  Held: 
Proposals  Received: 
Contractor  Selection  Due: 
Phase  I Work  Starts: 

Phase  I Work  Completes: 
Phase  II  Work  Starts: 

Phase  II  Work  Completes: 


September  7,  1979 
October  11,  1979 
December  5,  1979 
March,  1980 
July,  1980 
June,  1982 
December,  1982 
December,  1985 


EY-76-C-06-1830 


June  1979  to  December  1985 

$1,800,000  (FY-1980) 

Energy  Storage  Systems  Division 
U.S.  Department  of  Energy 
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AQUIFER  THERMAL  ENERGY  STORAGE  PROGRAM 
Kenneth  Fox 

Pacific  Northwest  Laboratory 


INTRODUCTION 


Management  of  the  Aquifer  Thermal  Energy  Storage  Demonstration  Program  is 
a task  assigned  to  Pacific  Northwest  Laboratory  operated  by  Battelle  Memorial 
Institute,  under  the  Seasonal  Thermal  Energy  Storage  Program.  This  Program  is 
funded  by  the  Department  of  Energy,  Division  of  Energy  Storage. 


OBJECTIVE 


The  purpose  of  the  Aquifer  Thermal  Energy  Storage  Demonstration  Program 
is  to  stimulate  the  interest  of  industry  by  demonstrating  the  feasibility  of 
utilizing  an  aquifer  for  seasonal  thermal  energy  storage,  thereby,  reducing 
crude  oil  consumption,  minimizing  thermal  pollution,  and  significantly  reducing 
utility  capital  investments  required  to  account  for  peak  power  requirements. 
This  purpose  will  be  served  if  several  diverse  projects  can  be  operated  which 
will  demonstrate  the  technical,  economic,  environmental,  and  institutional 
feasibility  of  aquifer  thermal  energy  storage  systems. 


DESCRIPTION  OF  PROGRAM  PHASING 


In  order  to  assure  that  only  those  programs  which  have  a good  probability 
of  success  are  actually  constructed  and  operated,  this  program  has  been  divided 
into  two  phases.  Phase  I consists  of  conceptual  design  and  Phase  II  consists  of 
final  design,  construction,  startup,  and  operation  for  a sufficient  period  to 
demonstrate  the  feasibility  of  the  system. 


Phase  I 

Phase  I is  actually  more  than  merely  preparation  of  the  conceptual  design. 
The  key  element  in  the  storage  system  is  of  course,  the  aquifer  itself.  No 
artificial  energy  repository  will  be  accepted.  The  storage  media  must  be  a 
naturally  occurring  geologic  formation.  This  means  that  during  Phase  I,  in 
addition  to  the  preparation  of  a conceptual  design  for  the  entire  system,  "the 
naturally  geologic  formation"  must  be  identified  and  characterized  to  the 
extent  necessary  to  assure  that  it  is  compatible  to  the  other  elements  in  the 
system.  This  characterization  of  the  aquifer  will  require  much  more  time  than 
the  preparation  of  a conceptual  design  would  normally  involve. 
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The  proposers  are  given  freedom  in  the  energy  source  and  user  application. 
For  the  energy  source,  possibilities  include  waste  heat  from  an  industrial 
source,  cogeneration  steam  from  a power  plant,  a solar  collector,  a heat  pump, 
or  chilled  water  from  a winter  chill  application  to  be  used  for  summer  air 
conditioning.  User  application  might  be  district  heating,  agricultural  uses, 
such  as  drying,  industrial  uses  which  might  require  chill  or  heat  for  a parti- 
cular process.  The  entire  system  is  tied  together  by  an  energy  transport  system 
which  carries  the  energy  from  the  source  to  the  aquifer  and  from  the  aquifer  to 
the  user  application.  In  most  instances,  it  is  anticipated  that  the  transport 
system  will  also  carry  water  removed  from  an  aquifer  back  to  the  same  aquifer 
or  a nearby  formation  for  reinjection. 

Phase  I will  require  approximately  two  years  and  there  will  be  up  to  ten 
contracts  for  conceptual  design.  It  is  anticipated  that  the  aquifer  characteri- 
zation will  take  the  best  part  of  a year  and  the  remainder  of  the  time  will  be 
involved  preparing  a conceptual  design  which  balances  the  energy  source,  the 
aquifer  for  storage  and  the  user  application  with  a suitable  transport  system. 
During  this  period,  a preliminary  environmental  assessment  will  be  required 
and  an  investigation  of  the  institutional  restraints  will  be  made.  Along  with 
conceptual  design  reports,  we  will  receive  a proposal  for  Phase  II  work.  It  is 
intended  that  the  timing  will  be  such  that  all  Phase  II  proposals  will  be 
received  together  and  the  choice  of  Phase  II  contractor  will  be  made  in  as 
brief  a time  span  as  possible  so  as  to  minimize  disruptions  of  the  working  teams 
which  are  to  continue.  Phase  I work  will  have  been  carried  out  under  cost 
reimbursable  contracts  with  entities  which  will  most  likely  consist  of  joint 
ventures  between  an  architect/engineer , a user  application  such  as  a district 
heating  association,  an  energy  source  which  might  be  a utility  or  industrial 
plant,  and  a municipality  in  many  cases  which  will  manage  the  system. 


Phase  II 

Up  to  five  of  the  conceptual  designs  prepared  under  Phase  I will  be  chosen 
for  continuation  in  Phase  II.  In  Phase  II,  final  design,  construction,  startup, 
and  operation  will  take  place.  Phase  II  will  be  accomplished  on  a cost  sharing 
basis  in  which  the  cost  of  design,  construction,  and  operation  will  be  shared 
between  the  government  and  the  proposing  organization.  In  the  selection  process 
for  Phase  II,  it  is  hoped  that  in  addition  to  identifying  those  projects  that 
have  the  highest  prospect  for  demonstrating  the  feasibility  of  the  aquifer 
thermal  energy  storage  concept,  we  will  also  obtain  projects  that  do  not  dupli- 
cate work  already  underway  by  industry,  climatic  and  geographic  distribution, 
and  those  that  have  the  greatest  potential  for  widespread  application  through- 
out the  country.  It  is  hoped  that  we  obtain  a diversity  of  effort  that  allows 
the  coverage  of  four  basic  technical  areas.  These  are  high-temperature  heat 
storage,  low-temperature  heat  storage,  chill  storage,  and  combined  heat  and 
chill  storage. 
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MILESTONES 


Figure  1 shows  the  milestones  and  the  schedules  for  their  achievement 
during  the  entire  program.  Of  particular  importance  will  be  the  phasing  of 
Phase  I contracts  such  that  they  all  complete  in  approximately  the  same  time 
frame.  We  should  thereby  be  able  to  make  a choice  of  those  that  are  to  proceed 
to  Phase  II,  such  that  there  will  be  a minimum  disruption  in  existing  organi- 
zations. The  proposals  for  Phase  II  work  will  be  submitted  along  with  the 
conceptual  design  work  and  therefore,  the  choice  of  Phase  II  contracts  can  be 
accomplished  in  a relatively  short  period  of  time.  However,  the  cost  sharing 
arrangements  are  a negotiable  item,  and  therefore,  the  negotiation  of  Phase  II 
contracts  could  require  considerable  effort  and  time. 


INTEREST 


The  interest  in  this  program  from  industry  has  been  most  encouraging.  The 
Department  of  Energy  first  advertised  a Request  for  Expression  of  Interest  in 
January,  1979,  and  from  this  an  initial  core  of  approximately  40  interested 
companies  was  received.  It  is  quite  clear  that  from  this  time  on  several  of 
these  companies  have  been  investigating  the  possibilities  for  programs  of  this 
nature.  The  announcement  of  the  Request  for  Proposals  appeared  in  the  Commerce 
Business  Daily  on  September  7,  1979,  and  from  this  nearly  200  requests  were 
received.  The  distribution  of  the  origin  of  the  requests  is  shown  in  Figure  2. 
It  was  interesting  to  note  that  many  of  them  were  from  individual  companies  that 
recognized  the  need  to  form  a joint  venture  in  order  to  propose,  and  many  of 
these  individual  entities  were  searching  for  partners  toward  such  a joint 
venture.  We,  therefore,  decided  to  provide  each  requesting  organization  with 
a copy  of  our  proposer's  mailing  list.  We  thus  performed  a "mating"  service 
which,  in  at  least  a few  cases,  has  resulted  in  consultants,  geologists,  archi- 
tect/engineers, potential  user  applications,  and  potential  energy  sources  find- 
ing a match.  Since  the  technical  portion  of  the  proposal  is  not  due  until 
December  17,  it  would  be  premature  to  describe  the  nature  of  the  proposals  that 
will  be  evaluated.  However,  in  Figures  3 and  4,  I have  shown  hypothetical  but 
typical  proposals  of  the  type  we  expect  to  be  receiving.  I will  describe  these, 
as  I think  they  will  give  a better  understanding  of  the  nature  of  the  potential 
demonstration  projects. 


Hypothetical  Aquifer  Thermal  Energy 
Storage  Demonstration  Projects 

Project  #1  (Figure  3) 

A mid-western  city  with  a population  base  of  approximately  200,000  is 
undergoing  an  urban  renewal  program.  As  part  of  this  urban  renewal  program,  a 
large  section  of  the  downtown  area  is  being  supplied  with  district  heat  from  a 
central  power  plant.  In  the  industrial  area  of  the  town,  approximately  five 
miles  from  the  center  of  this  urban  renewal,  there  is  a large  food  processing 
plant  which  currently  disposes  of  waste  heat  through  a heat  exchanger  which  in 
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turn  discharges  into  a large  river  running  near  the  town.  The  Chamber  of 
Commerce  has  approached  the  contractor  in  charge  of  the  urban  renewal  program, 
the  owner  of  the  food  processing  plant,  and  a major  engineer/architect  firm 
headquartered  in  the  mid-west.  They  have  assembled  these  three  organizations 
and  propose  participating  in  the  Aquifer  Thermal  Energy  Storage  Program.  These 
three  have  in  turn  formed  a joint  venture  and  added  a geological  consulting 
firm  to  assist  them  in  the  aquifer  technology.  The  geologist  has  given  a pre- 
liminary evaluation  that  indicates  a high  probability  of  suitable  aquifers  in 
the  area  between  the  food  processing  plant  and  the  urban  renewal  area.  Much 
of  this  land  is  muncipally  owned  at  this  time,  and  therefore,  there  is  a good 
prospect  that  the  land  and  water  rights  will  be  available.  This  joint  venture 
is  now  preparing  a proposal  which  will  involve  diverting  all  or  a portion  of 
the  waste  heat  from  the  processing  plant  into  an  injection  system  which  will 
heat  the  aquifer  through  direct  injection  of  waste  heat.  A withdrawal  system 
will  be  located  after  the  general  direction  of  flow  and  rate  of  flow  are  deter- 
mined and  the  heat  withdrawn  from  the  aquifer  will  be  run  through  a heat  ex- 
changer at  the  site  and  then  transported  to  the  district  application.  The 
project  manager  will  be  the  engineer /architect  firm  who  will  work  with  the  urban 
renewal  contractor  on  the  interface  with  the  heat  supply,  with  the  food  process- 
ing company  on  the  design  and  financial  arrangements  for  the  waste  heat  source, 
and  will  design  the  transport  system,  the  heat  exchangers  and  the  pumping  system 
to  be  used.  The  geological  consultant  will  prepare  a plan  for  the  characteri- 
zation of  the  aquifer  and  will  pick  the  sites  at  which  test  borings  will  be 
made  to  determine  the  aquifer  characteristics.  Meanwhile,  the  geological 
consultant  will  have  assembled  sufficient  data  from  Federal  and  State  surveys 
and  from  well  drilling  in  the  immediate  area  of  the  municipal  land  to  determine 
that  the  project  is  feasible  and  worth  the  investment  that  must  be  made  in  order 
to  prepare  a proposal.  Some  of  the  other  problems  which  are  currently  being 
investigated  are  these: 

1)  Is  there  an  alternate  source  of  heat  that  can  be  used  in  the  event 

of  a failure  of  the  energy  supply  system  or  some  loss  of  the  transport 
system  during  the  critical  cold  winter  months?  Should  redundancy  be 
built  into  the  system  in  the  form  of  an  auxiliary  boiler? 

2)  Must  the  current  design  of  the  district  heating  system  be  revised  to 
increase  piping  sizes  to  allow  for  the  lower  temperature  to  be  expected 
from  the  aquifer  fed  heat  exchanger  as  compared  to  direct  generation? 

3)  Are  there  any  environmental  impediments  toward  implementation  of  this 
project?  For  example,  are  the  aquifers  in  the  area  being  examined 
likely  to  be  those  which  feed  the  municipal  drinking  water  system? 

4)  Does  the  economic  future  for  the  food  processing  plant  and  the  manage- 
ment of  the  corporation  look  stable  enough  to  warrant  a five-year 
commitment  to  this  energy  source? 
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Project  #2  (Figure  4) 


A large  university  located  on  the  outskirts  of  a small  mid-Atlantic  city 
is  currently  heated  by  its  own  boiler  plant,  which  is  obsolescent  and  must  be 
replaced  in  the  near  future.  At  the  same  time,  the  university  is  concerned 
about  the  increasing  electric  bill  caused  by  individual  air  conditioning  in- 
stalled in  each  building  of  the  campus.  The  university  has  hired  an  HVAC 
engineering  corporation  to  make  a study  of  their  requirements  and  to  recommend 
a cost  efficient  means  of  providing  heating  and  air  conditioning  for  the  entire 
campus  throughout  the  year.  The  engineer/architect  is  currently  examining  the 
possibility  of  a combination  heat  and  chill  aquifer  system  which  could  provide 
heating  and  cooling  to  the  entire  campus  through  separate  aquifer  systems. 
Inasmuch  as  the  plan  involves  replacing  the  entire  heating  system  for  the 
buildings,  the  HVAC  engineer  proposes  to  replace  the  existing  heating  system 
with  a forced  air  system  in  which  the  air  is  heated  or  chilled  by  water  from 
the  appropriate  aquifer  system.  One  aquifer  system  would  be  heated  from  waste 
heat  received  from  the  power  plant,  while  the  other  would  be  chilled  in  the 
winter  from  a heat  exchanger  system  to  be  established  above  ground  using  winter 
chill  to  cool  the  aquifer.  The  system  looks  particularly  atractive  because  the 
air  conditioning  requirements  are  relatively  small  as  the  entire  campus  is 
seldom  operated  throughout  the  summer.  Inasmuch  as  a new  heating  system  must 
be  installed  in  many  of  the  buildings  just  by  virtue  of  age,  the  enlargement  of 
the  heating  system  required  by  the  larger  volume  of  flow  required  from  the 
aquifer  system  does  not  substantially  add  to  the  cost  of  the  renewal.  An  econo- 
mic analysis  is  being  made  of  the  cost  benefits,  including  the  capital  cost  of 
the  aquifer  system  as  compared  to  the  installation  of  a new  boiler  and  heating 
plant,  and  the  significant  reduction  in  operating  costs  which  will  result  from 
using  waste  heat  as  opposed  to  burning  fossil  fuel  or  relying  on  an  increasingly 
expensive  off-campus  source  of  electricity  for  heating.  The  same  problems 
must  be  investigated  as  were  investigated  in  Case  1,  namely  the  environmental 
concerns,  reliability  of  the  heat  source,  alternate  means  of  providing  energy 
should  there  be  a failure  in  the  source,  the  possibility  of  legal  prohibitions 
against  injection  or  removal  of  large  quantities  of  water,  and  other  "what  if" 
concerns. 


CONCLUSION 


Aquifer  thermal  energy  storage  as  a closed  cycle  energy  efficient  system 
is  a new,  and  as  yet,  an  unproven  concept  in  the  United  States.  However,  the 
individual  elements  in  the  user  application,  the  aquifer  storage  systems,  the 
energy  transport  system,  and  the  energy  source  are  certainly  not  beyond  current 
technology.  While  it  is  still  too  early  to  predict  the  nature  of  the  projects 
that  will  be  chosen,  and  therefore,  the  direction  the  program  will  take,  we 
have  cause  for  optimism  in  our  ability  to  seed  industry  with  the  demonstrated 
effectiveness  of  this  technique. 
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FIGURE  1.  AQUIFER  THERMAL  ENERGY  STORAGE  PROGRAM 
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SEASONAL  THERMAL  ENERGY  STORAGE 


FIGURE  3. 


PROJECT  #1 


FIGURE  4.  SEASONAL  THERMAL  ENERGY  STORAGE 
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COMPENDIA  OF  SEASONAL  THERMAL  ENERGY  STORAGE 

AQUIFER  THERMAL  ENERGY 

TECHNICAL  INFORMATION 

D.  D.  Hostetler 
Pacific  Northwest  Laboratory 

PROJECT  OUTLINE 


Project  Title:  Compendia  of  STES  Technical  Information 

Principal  Investigator:  D.  D.  Hostetler 

Organization:  Pacific  Northwest  Laboratory 

P.  0.  Box  999 
Richland,  WA  99352 

Telephone:  (509)  375-2781  FTS:  444-7511 

Project  Goals:  The  primary  goal  of  the  Compendia  Subtask  is  to  organize, 

summarize,  and  communicate  information  related  to  STES. 

Compendia  task  objectives  will  be  accomplished  primarily 
by  establishing  the  STES  library,  publication  of  a 
compendia  of  existing  information,  and  publication  of  the 
ATES  technical  manual.  The  library  will  serve  as  a focal 
point  of  information  transfer  for  both  STES  staff  and 
outside  contractors.  The  Compendia  will  be  a concise  but 
complete  description  pertaining  to  the  development  and 
application  of  STES  concepts.  The  ATES  technical  manual 
will  be  the  primary  technology  transfer  medium  for 
support  of  the  ATES  concepts. 

Project  Status:  The  following  are  current  activities: 

o A cross-referenced  STES  library  with  over  750  publi- 
cati ons. 

o A developing  annotated  bibliography  of  library  contents 

The  following  are  planned  FY-1980  activities: 

o The  publication  of  several  documents  covering 

developing  technologies  related  to  STES  concepts  is 
planned.  These  documents  will  summarize  the  best 
available  technology  for  selected  topics. 
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o Computerization  of  the  STES  annotated  bibliography 
(plus  key  words)  will  be  done.  This  will  enable  rapid, 
customized  literature  searches  by  any  interested  party; 
such  as  outside  contractors  for  the  demonstration 
facilities. 

o The  ATES  technical  manual  format  will  be  established 
and  the  initial  manual  will  be  published. 
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TECHNICAL  SUPPORT  PROGRAM 


David  A.  Myers 

Pacific  Northwest  Laboratory 
PROJECT  OUTLINE 

Project  Title:  Leading  Edge  Test  Facilities 
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Organization:  Pacific  Northwest  Laboratory 

P.  0.  Box  999 
Richland,  WA  99352 

Telephone:  (509)  375-2462  FTS:  444-7511 

Project  Goals:  To  obtain  that  data  which  can  be  derived  only  from  a 

field  test  facility. 

Aquifer  Characterization  - A drilling  and  testing 
program  has  been  instituted  at  two  sites  in  the  State 
of  Washington. 

Heat  Exchanger  - A conceptual  design  for  the  surface 
heat  exchange  facility  has  been  developed. 

Test  Plan  - A preliminary  test  plan  has  been  developed 
and  is  being  detailed. 

Hydrologic  Modeling  - Mathematical  models  of  the 
hydrology  of  the  proposed  sites  will  be  done;  these 
models  will  be  updated  based  on  information  derived 
from  the  aquifer  characterization  task. 

Identification  of  Aquifers  - A search  for  additional 
sites  applicable  for  STES/LETF  activities  is  being 
continued. 

Project  Status:  Work  started  on  geohydrologic  characterization  at  two 

possible  field  research  pilot  plant  sites  (Leading  Edge 
Test  Facilities). 

Contract  Number:  EY76-C-06-1830 

Contract  Period:  June,  1979  to  December,  1985 

Funding  Level:  $813,000  (FY  1980) 

Funding  Source:  Energy  Storage  Systems  Division 

U.S.  Department  of  Energy 
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TECHNICAL  SUPPORT  PROGRAM 


David  A.  Myers 

Pacific  Northwest  Laboratory 


INTRODUCTION 


The  Battelle  Technical  Subtasks  include  three  major  areas:  1)  Compendia 

of  Existing  Technology;  2)  Leading  Edge  Test  Facility(s);  and  3)  Advanced 
Analysis  Methodologies.  These  tasks  include,  but  are  not  limited  to  those 
efforts  to  be  discussed  by  Lawrence  Berkeley  Laboratory,  Auburn  University, 

Texas  A&M  University,  and  the  Tennessee  Valley  Authority.  The  efforts  described 
here  are  parallel  to  and  in  support  of  the  ATES  Demonstration  Program  described 
by  Mr.  Kenneth  Fox  of  PNL. 


COMPENDIA  OF  EXISTING  TECHNOLOGY 


The  Seasonal  Thermal  Energy  Storage  Program  Compendia  is  designed  to  pro- 
vide a single  resource  point  for  all  aspects  of  this  new  technology.  The  STES 
Compendium  will  be  comprised  of  several  smaller  compendia  which  encompass  a 
wide  range  of  topics  related  to  the  various  aspects  of  STES,  Table  1.  Current 
efforts  are  directed  primarily  at  aquifer  thermal  energy  storage,  however,  non- 
aquifer concepts  are  being  considered  and  included. 

To  adequately  service  the  needs  of  the  program,  a library  of  related 
literature  is  being  formed.  This  library  currently  consists  of  more  than  750 
documents.  The  library  is  in  the  process  of  being  cross  referenced  to  the 
subject  titles  currently  identified  for  individual  conpendia.  Because  most  of 
the  compendia  subjects  have  had  little  or  no  concern  with  thermal  energy  storage 
in  the  past,  the  literature  is  being  reviewed  and  STES-related  abstracts  written 
for  inclusion  in  an  annotated  bibliography. 

The  compendium  will  consist  of  a series  of  "research  papers"  and  techni- 
cal manuals.  Research  papers  will  be  written  to  cover  developing  technologies. 
Typical  subjects  to  be  covered  include:  Thermal  conductivities  in  soils; 

aquifer  plugging  mechanisms;  computer  models;  energy  sources;  and  numerous 
other  topics.  Technical  manuals  will  be  written  covering  developed  technologies, 
although  some  manuals  should  be  available  in  the  open  literature,  many  will 
need  to  be  rewritten  specifically  for  STES.  Possible  technical  manual  subjects 
include  well  construction,  well  treatment,  and  heat  exchanger  sizing. 
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LEADING  EDGE  TEST  FACILITY (S) 


A Leading  Edge  Test  Facility (s)  (LETF)  is  envisioned  to  lead  the  way  for 
full  scale  demonstration  of  Aquifer  Thermal  Energy  Storage.  To  adequately 
accomplish  this  task,  it  is  necessary  that  the  majority  of  the  problems  to  be 
faced  by  a full  scale  demonstration,  be  answered  by  the  LETF.  Thus,  each 
technical  step  must  be  taken.  These  steps  include:  aquifer  characterization; 

facility  design;  environmental  and  related  concerns;  and  actual  field  testing 
and  experimentation. 


Aquifer  Characterization 

Current  LETF  activities  center  around  this  effort.  Literature  searches 
were  conducted  for  the  Bellingham  and  Richland  sites.  Field  reconnaissance 
was  carried  out,  locating  existing  wells  and  obtaining  all  pertinent  data  not 
readily  available  from  the  literature.  State  Water  Resource  offices  were 
contacted  to  obtain  necessary  permits  prior  to  initiation  of  test  drilling. 

Test  drilling  indicated  the  existence  of  a potentially  useable  saline  aquifer 
in  the  Bellingham  area,  while  test  drilling  at  the  proposed  Richland  Site  has 
shown  a high  variability  in  the  aquifer  limiting  its  potential  as  a low  temper- 
ature site.  Pump  testing  of  the  aquifers  at  both  sites  remains  to  be  done. 

In  addition  to  these  sites  currently  under  investigation,  sites  at  Mobile, 
Alabama,  College  Station,  Texas,  and  within  the  TVA  service  area  are  also  under 
consideration  and  will  be  discussed  by  contractors  in  subsequent  presentations. 


Surface  Facility  Design 

Preliminary  design  of  both  low  and  high  temperature  facilities  has  been 
done.  These  facilities  feature  closed  loop  boiler/heat  sources  and  high 
efficiency  heat  exchangers  to  bring  the  ground  water  up  to  the  design  tempera- 
ture. The  system  includes  test  sections  for  the  examination  of  the  effects 
of  thermal  cycling  on  materials  and  automatic  data  systems  to  accurately 
monitor  the  energy  being  injected. 


Subsurface  Designs 

Conceptual  designs  of  wells  and  site  layouts  have  been  made.  It  is  con- 
ceivable that  a simple  doublet  design  may  not  be  the  best  for  all  conditions, 
therefore  alternative  configurations  have  been  designed.  With  adequate  test 
drilling  the  most  appropriate  design  can  be  selected  for  each  LETF  site. 
Monitoring  wells  have  been  designed  to  provide  in  situ  data  on  depth  dependent 
temperature  and  hydrostatic  head.  Provision  for  sampling  of  the  thermally 
altered  ground  water  has  been  made. 
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Environmental  and  Related  Concerns 


The  impact  of  Seasonal  Thermal  Energy  Storage  on  the  environment  is  one  of 
the  major  factors  which  will  effect  the  potential  application  of  the  technology. 
One  of  the  primary  purposes  of  the  LETF  is  to  ascertain  the  reality  of  these 
potential  impacts.  Numerous  federal,  state  and  local  regulations  cover  the  use 
of  aquifers.  The  impact  of  Aquifer  Thermal  Energy  Storage  on  the  native 
ground  water  may  be  controlled  at  the  federal  level  by  the  proposed  Underground 
Injection  Control  Regulations  (UIC) , the  Safe  Drinking  Water  Act  (SDWA) , and 
the  National  Environmental  Protection  Act,  all  administered  by  the  Environmen- 
tal Protection  Agency. 

At  the  state  level,  environmental,  legal  and  institutional  constraints 
include:  State  Environmental  Protection  Acts;  Water  Rights  legislation;  Mineral 

Rights;  Drilling  Requirements  and  numerous  other  potential  rules  and  regulations. 

At  the  local  level,  impacts  and  concerns  as  the  local  environment,  land 
use  plans,  economic  impact  and  public  reaction,  have  been  voiced.  These  topics 
must  be  covered  at  LETF  sites  to  lay  a proper  ground  work  for  future  Seasonal 
Thermal  Energy  Storage  applications. 


ADVANCED  ANALYSIS  METHODOLOGIES 


The  development  of  predictive  and  interpretive  tools  is  essential  to  the 
development  of  Aquifer  Thermal  Energy  Storage.  Three  major  thrusts  are  being 
pursued;  an  energy/hydrologic  modeling  effort,  bench  scale  laboratory  analysis, 
and  development  of  field  analytical  tools. 


Mathematical  Analysis 

Existing  codes  are  being  modified  to  include  energy  conservation.  In  this 
effort  a three-dimensional  hydrologic  model  is  being  adapted  to  include  energy 
conservation  and  transport  in  order  to  track  thermal  responses  in  an  aquifer 
system.  The  modeling  work  to  be  described  by  Dr.  Chin  Fu  Tsang  of  Lawrence 
Berkeley  Laboratories  is  a major  contribution  to  this  subtask.  A second  effort 
is  directed  at  development  of  an  analytical  check  to  ascertain  if  the  available 
codes  are  "error  free".  This  analytical  check  will  also  be  used  in  code  veri- 
fication for  the  "ideal"  problem. 


Laboratory  Analysis 

At  PNL,  Terra  Tek,  Incorporated  and  the  University  of  Washington,  efforts 
are  being  made  to  describe  the  responses  of  the  geohydrologic  regime  to  induce 
stress  caused  by  Seasonal  Thermal  Energy  Storage  activities.  Three  major  areas 
have  been  identified:  Fluid  reinjection  at  elevated  temperatures  and  pressures; 

the  determination  of  thermal  diffusivity;  and  the  delineation  of  thermo-mechani- 
cal properties.  A flow  facility  capable  of  duplicating  in  situ  stresses, 
pressures  and  flow  rates  is  under  design  and  scheduled  for  use  during  FY  1981. 
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Field  Analysis 


Work  is  currently  underway  at  Washington  State  University  and  at  PNL  to 
develop  appropriate  field  analytical  tools  that  will  aid  in  predicting  system 
responses  Seasonal  Thermal  Energy  Storage  activities.  These  tools  inlcude 
modification  of  existing  interpretive  techniques  as  well  as  the  development  of 
new  tools  specifically  for  Seasonal  Thermal  Energy  Storage  application. 
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TABLE  1.  EXAMPLE  COMPENDIA  SUBJECTS 


1.  Site  selection  and  regional  assessments 

2.  Energy  sources 

3.  Fluid  flow  and  energy  transport  in  reservoirs 

4.  Environmental  considerations 

5.  Institutional  and  societal  considerations 

6.  Economic  feasibility 

7.  STES  related  experiments 

8.  STES  related  mathematical  and  computer  modeling 

9.  STES  related  demonstrations 

10.  Nonaquifer  storage  methods 

11.  Well  drilling  and  maintenance 

12.  Well  casing  and  screening  materials 

13.  Reservoir  characterization  methods 

14.  Reservoir  pretreatment  and  rehabilitation 

15.  Well  field  design  and  operating  criteria 

16.  Reservoir  consolidation  and  subsidence 

17.  Corrosion,  scaling,  and  encrustation 

18.  Thermal  fatigue  of  reservoir  and  well  material 

19.  Well  bore  and  piping  heat  losses 

20.  Heat  transfer  equipment 

21.  Water  treatment  and  filtering  techniques 

22.  Water  quality 

23.  Reservoir  plugging  mechanisms 

24.  Reinjection 
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TECHNICAL  SUPPORT  PROGRAM 


Jay  R.  Eliason 

Pacific  Northwest  Laboratory 


INTRODUCTION 


The  Technical  Support  Program  is  designed  to  provide  support  to  the 
Seasonal  Thermal  Energy  Storage  Program  which  has  the  overall  objective  of 
commercially  demonstrating  the  applicability  of  seasonal  thermal  energy 
storage.  The  initial  activities  of  this  task  are  a parallel  effort  primarily 
directed  toward  support  of  the  Aquifer  Thermal  Energy  Storage  Demonstration 
Program.  These  activities  will  include  social,  economic,  environmental  assess- 
ment, and  technical  research  and  development  studies  to  provide  a sound  tech- 
nical base  for  the  Demonstration  Projects.  The  long-range  task  goals  include 
investigation  and  evaluation  of  other  seasonal  thermal  energy  storage  concepts 
which  may  be  considered  for  future  emphasis.  Studies  will  be  conducted  inde- 
pendent of  the  ATES  Program,  but  will  be  designed  and  timed  to  provide  key 
input  to  the  program. 

During  FY-1979,  the  program  was  established  at  PNL  and  several  ongoing 
projects  initiated  by  ORNL  were  being  conducted  in  the  aquifer  technology  area. 
Responsibilities  for  continuation  or  termination  of  these  studies  were  trans- 
ferred to  PNL  as  the  contracts  expired  or  at  the  FY-1979-1980  transition. 
Studies  to  be  continued  are  now  being  integrated  into  the  overall  Technical 
Support  Program. 


APPROACH 


The  Technical  Support  Program  has  been  organized  to  provide  near-term 
support  to  the  ATES  Demonstration  Program  and  long-range  investigation  and 
evaluation  of  other  seasonal  thermal  energy  storage  concepts.  These  goals  will 
be  accomplished  by  acquiring  needed  data  from  continuation  of  ongoing  ORNL 
projects  transferred  to  PNL,  establishing  research  teams  within  PNL  to  coordi- 
nate and  provide  data  and  by  subcontracting  with  other  DOE  National  laborato- 
ries, private  industry,  universities,  and  other  government  agencies  for  required 
data  collection  and  analysis.  The  program  has  been  organized  into  the  following 
subtasks : 
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SUBTASK  I 


Management 

Program  management  will  include  planning,  technical  review,  and  reporting. 
Also,  a Technical  Consultant  Review  Team  consisting  of  recognized  peers  in  the 
related  technology  areas  will  report  directly  to  the  manager  and/or  his  tech- 
nical assistant.  This  Review  Team  will  meet  on  an  annual  basis  to  overview 
the  program.  They  will  also  be  available  for  consulting  on  specific  task 
activities. 


SUBTASK  II 


Social  Assessment 

The  social  impact  of  this  technology  development  results  primarily  from 
the  inherent  commitment  of  the  local  environment  for  energy  storage,  i.e.,  the 
commitment  of  a local  ground-water  aquifer  for  storage  of  the  heated  or  cool 
water.  These  commitments  may  also  cause  changes  in  water  quality  other  than 
thermal  which  could  limit  the  future  uses  of  the  resource.  Task  activities 
will  be  addressed  by  this  program  to  minimize  the  impact  and  to  assure  social 
acceptability  of  this  emerging  energy  technology. 


SUBTASK  III 


Economic  Assessment 

Economic  analyses  are  one  of  the  primary  objectives  of  the  overall 
Seasonal  Thermal  Energy  Storage  Program.  These  studies  will  be  conducted  in 
all  phases  of  the  Technical  Support  Program  and  the  ATES  Demonstration  Program 
to  assess  the  economic  feasibility  of  the  concepts  being  evaluated.  The  pri- 
mary task  objectives  are  to  develop  a methodology  to  evaluate  the  economics  of 
various  energy  storage  concepts  under  the  expected  range  of  environmental, 
technical  and  economic  conditions,  and  to  conduct  supporting  assessments. 


SUBTASK  IV 


Environmental  Assessment 

The  primary  task  activity  is  the  development  of  environmental  documentation 
support  for  the  STES  Program.  This  activity  will  include  determination  and 
meeting  environmental  documentation  requirements  for  both  programmatic  and  site- 
specific  studies.  Also,  activities  will  include  environmental  research  priori- 
tization/acquisition of  required  input,  and  environmental  advisory  assistance. 
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SUBTASK  V 


Technical 

These  Technical  Support  studies  are  designed  to  provide  a sound  base  for 
development  and  evaluation  of  seasonal  thermal  energy  storage  concepts.  The 
following  subtask  descriptions  have  been  identified  as  key  elements  of  the 
initial  STES  Program. 


Thermal  Energy  Sources/Uses 

This  subtask  is  designed  to  determine  the  primary  sources  of  heat  (or 
chill)  that  would  be  suitable  for  STES  systems  and  determine  typical  tempera- 
ture and  thermal  storage  capacity  requirements  for  such  systems. 


Compendia  of  Existing  Technology 

This  task  involves  the  collection  of  known  information  pertinent  to  STES 
summarizing  it  by  topic  and  incorporating  it  into  a working  library  at  PNL. 
Topics  which  do  not  have  recent  or  relevant  technical  overviews  available  will 
be  identified  and  these  reviews  will  be  conducted  to  develop  working  documenta- 
tion which  can  be  utilized  as  technical  support  to  the  Demonstration  Program. 
Also,  as  part  of  the  ongoing  Technical  Support  Program  subtasks,  basic  tech- 
nical design  data  will  be  developed  which  are  the  end  products  to  be  provided 
to  the  Demonstration  Tasks.  These  data  will  be  summarized  and  published  as 
individual  inserts  into  an  ATES  technical  manual  as  they  are  identified  to 
expedite  technology  transfer. 


Leading  Edge  Test  Facility (s) 

In  order  to  obtain  needed  engineering  design  data  and  to  conduct  sup- 
porting research  for  the  STES  Program,  sites  are  being  selected  and  developed 
for  this  purpose.  Research  will  include  development  of  test  facilities  to  lead 
the  Demonstration  Programs  (Leading  Edge  Test  Facility (s) ) , in  development  of 
both  unconfined  aquifer  storage  systems  and  confined  aquifer  storage  systems. 
These  Leading  Edge  Test  Facilities  will  provide  research  teams  with  opportun- 
ities to  evaluate  and  develop  site-characterization  techniques  and  operational 
experience  necessary  for  siting  of  aquifer  storage  systems.  Data  collected  at 
these  test  sites  will  provide  required  calibration  and  verification  of  advanced 
analysis  methodologies  being  developed  for  site  characterization  and  assessment. 


Advanced  Analysis  Methodologies 

Accurate  assessment  of  STES  concepts  will  require  development  of  advanced 
hydrologic  assessment  methodologies  which  have  not  been  required  in  routine 
hydrologic  assessments.  Methodology  development  will  include:  development  of 
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models  to  provide  capabilities  for  analyzing  the  complex  hydrologic  systems, 
interactions  associated  with  the  storage  of  energy,  development  of  laboratory 
analysis  for  characterization  of  the  mineralogy,  ground -water  chemistry, 
thermal  diffusivity,  fluid-flow  properties  and  thermomechanical  properties, 
and  development  of  field  hydrologic  analysis  techniques  for  assessing  the 
capacity  and  efficiency  of  aquifers  for  energy  storage. 


SUBTASK  VI 


Non-Aquifer  Seasonal  Thermal  Energy  Storage 

The  major  thrust  of  the  STES  Program  at  the  present  time  is  in  aquifer 
storage,  studies  will  be  conducted  to  evaluate  other  proposed  STES  systems, 
such  as  large  pond  storage,  earth  storage,  and  other  more  advanced  concepts. 
These  concepts  will  be  evaluated  with  respect  to  consideration  for  future  pro- 
gram emphasis. 


STATUS 


The  STES  Program  was  assigned  to  PNL  late  in  FY-1979.  PNL  activities  in 
FY-1979  included  review  and  assessment  of  aquifer-related  programs  to  be  trans- 
ferred from  ORNL,  development  of  the  STES  Program  plan  including  obtaining  com- 
mitments of  management  and  support  staff,  and  initiation  of  subcontract  activ- 
ities to  support  the  program. 

Aquifer  Technology  Projects  funded  during  FY-1979  by  ORNL  have  been 
reviewed  and  selected  contracts  will  be  incorporated  into  the  PNL  STES  Program. 
The  following  studies  were  ongoing  at  ORNL  during  FY-1979: 

Auburn  University  Mobile  Field  Test 

- Continuing  program  (PNL) 

- Report  on  second  thermal  cycle  due  December  31,  1979 

Texas  A&M  College  Station  Field  Test 

- Chill  storage  and  recovery  cycle  completed 

- Data  analysis  and  report  due  March  31,  1980 

NYSERDA  JFK  Site 

- Project  complete 

- Final  report  received 

USGS  Bellingham  Site  Review 

- Project  complete 

- Report  received 
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ORNL  Techno-Economic  Analysis 

- Project  complete 

- Report  being  published 

ORNL  Generic  Environmental  Impact  Analysis 

- Continuing  program 

- Draft  document  prepared 

- Task  transferred  to  PNL 

TVA  Application  Assessment 

- Continuing  program  (PNL) 

- Subcontractor  Acres  American  report  completed 

- Scheduled  completion  date  March  31,  1980 

LBL  Thermal  Hydraulic  Analysis 

- Continuing  program  (PNL) 

- Interim  reports  received  for  FY-1979 

PNL  Geochemical  Analysis 

- Project  complete 

- Final  report  approved  for  publication 

The  STES  Program  has  been  developed  within  PNL  and  management  and  support 
staff  assigned.  The  WPAS  for  the  FY-1980  program  was  prepared  and  submitted 
to  DOE-HQ. 

The  Technology  Support  Program  subtask  coordinating  staff  has  been 
assigned  and  the  FY-1980  budgets  established.  Subcontract  support  for  the  pro- 
gram is  being  negotiated  with  ongoing  contractors  and  is  being  solicited  for 
other  subtask  requirements. 
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PRELIMINARY  CONCLUSIONS  OF  A TECHNICAL  FEASIBILITY  STUDY  OF  LOW 
TEMPERATURE  THERMAL  ENERGY  STORAGE  IN  THE  TVA  REGION 


A.  R.  Betbeze 
Tennesee  Valley  Authority 

PROJECT  OUTLINE 

Project  Title:  Application  of  Low-Temperature  Thermal  Energy  Storage  in  the 

TVA  Region 

Principal  Investigator:  Jerry  J.  Phillips 

Organization:  Tennessee  Valley  Authority 

350  Commerce  Union  Bank  Building 
Chattanooga,  TN  37401 
Telephone:  (615)  755-3251 

Project  Goals:  The  objectives  of  the  study  include:  1)  the  identification 

of  potential  sources  and  users  of  low-temperature  thermal 
energy,  such  as  institutional  heating  and  cooling  and 
industrial  processes,  in  addition  to  TVA  facilities;  and  2) 
the  identification  of  appropriate  aquifer  sites  for 
storage.  Particular  emphasis  will  be  given  to  defining  the 
criteria  for  storage  in  aquifers. 

Survey  the  TVA  region  for  thermal  energy  producers 

Development  of  criteria  for  storing  thermal  energy  in 
aquifers 

Survey  the  TVA  region  for  aquifer  storage  system  sites 

Survey  potential  thermal  energy  users  in  the  TVA  region 

Assess  the  opportunities  for  thermal  energy  storage  systems 
in  the  TVA  region 

Project  Status:  Surveys  for  thermal  energy  producers,  aquifer  storage 

system  sites,  and  thermal  energy  users  have  been  completed 
and  are  in  a report  prepared  by  Acres  American,  Inc. 
Preliminary  criteria  for  storing  thermal  energy  in  aquifers 
have  been  developed.  Opportunities  for  thermal  energy 
storage  systems  in  the  TVA  region  are  being  assessed  and 
plans  for  aquifer  testing  and  development  of  a test 
facility  are  being  prepared. 

Contract  Number:  EW-78-I-05-6112 

Contract  Period:  December  1978  to  September  1979 

Funding  Level:  $90,000 

Funding  Source:  U.S.  Department  of  Energy 

Division  of  Energy  Storage  Systems 
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PRELIMINARY  CONCLUSIONS  OF  A TECHNICAL  FEASIBILITY  STUDY 


OF  LOW  TEMPERATURE  THERMAL  ENERGY  STORAGE 

IN  THE  TVA  REGION* 

A.  R.  Betbeze 
Tennessee  Valley  Authority 


SUMMARY 


The  technology  required  to  implement  Low  Temperature  Thermal  Energy 
Storage  (LTTES)  is  fully  developed  and  commercially  available,  and  no  foresee- 
able technical  barriers  to  implementation  in  the  TVA  region  are  apparent.  The 
major  constraint  on  system  feasibility  is  attributed  to  possible  environmental 
effects  and  economic  practicality  and  not  to  technical  limitations. 

The  major  development  work  now  required  is  the  determination  of  the  long- 
term effects  on  the  aquifer  and  adjacent  groundwaters  from  the  implementation 
of  an  LTTES  plant. 


DISCUSSION 


The  integration  of  LTTES  into  a utility  energy  supply  scheme  can  assist 
that  utility  in  meeting  the  energy  demands  of  its  customers.  Because  of  the 
relative  simplicity  of  the  LTTES  utilization  system  and  the  use  of  current 
state-of-the-art  components,  utility  economic  advantages  are  perceived.  The 
primary  advantages  are: 

(1)  A reduction  in  the  requirement  to  build  new,  additional  electrical 
generation  and  transmission  facilities. 

(2)  A reduction  in  the  growth  of  electric  power  rates. 

Tennessee  Valley  Authority,  through  the  initiation  of  this  LTTES  develop- 
ment program,  has  prepared  a logical  approach  to  the  development  of  the  entire 
LTTES  technology  using  aquifer  storage.  The  work,  reported  herein,  has  as 
its  objective  the  determination  of  the  technical  feasibility  of  the  LTTES 
concept.  Technical  feasibility  of  the  concept  is  established  when: 

(1)  Significant  technical  parameters  have  been  identified. 


*This  report  is  based  primarily  on  work  performed  by  ACRES  American,  Inc., 
M.  J.  Hobson,  Project  Manager,  under  contract  to  TVA. 
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(2)  Technical  parameters  have  been  evaluated. 

(3)  System  components  have  been  identified  and  evaluated. 

(4)  Parameters  or  components  requiring  further  development  work  have  been 
identified. 

In  order  to  locate  the  significant  energy  sources  and  potential  users,  it 
was  necessary  to  quickly  establish  the  areas  where  aquifers  were  readily 
available  for  energy  storage.  An  extensive  review  of  the  published  literature 
in  geology  and  geohydrology  of  the  TVA  service  area  indicated  that  only  the 
aquifers  within  the  coastal  plain  area  (western  Tennessee  and  northern 
Mississippi)  were  consistently  suitable  for  use  for  LTTES  thermal  storage. 

On  the  basis  of  their  geologic  and  geohydrologic  characteristics,  the 
following  four  confined  aquifers  in  unconsolidated  sediments  were  considered 
potentially  suitable  to  store  the  heated  and/or  chilled  water: 

• Memphis  Aquifer  (500-Foot  Sand) 

• Wilcox  Group  (Lower  Wilcox  Aquifer) 

• Ripley  Formation  (McNairy  Sand) 

• Coffee  Sand 

Although  these  aquifers  seem  to  possess  necessary  characteristics  for  an 
efficient  and  effective  storage,  several  questions  associated  with  water 
chemistry,  increase  in  temperature  and  pressure,  and  groundwater  flow  need  to 
be  answered. 

The  TVA  service  area,  in  particular  the  coastal  plain  region,  was 
surveyed  to  determine  the  presence  of  potential  producers  and  users  of  low 
temperature  thermal  energy.  To  this  end,  the  source  of  heat  for  input  to 
LTTES  is  defined  as  the  waste  heat  from  industrial  facilities  and  the  collec- 
tion of  thermal  energy  from  solar  arrays.  Solar  arrays  can  provide  a viable 
heat  input  in  locations  where  waste  heat  is  not  available. 

The  work  performed  during  this  survey  indicated  that  there  exists  within 
the  desired  geographical  area  a large  quantity  of  waste  heat  of  suitable 
quality.  These  waste  heat  sources  are  located  in  clusters,  near  metropolitan 
areas,  in  relatively  close  proximity  to  potential  users. 

Aquifer  LTTES  systems  can  also  be  used  for  the  storage  of  chilled  water 
for  space  cooling  and/or  light  process  cooling.  The  ultimate  source  for  the 
cooling  of  this  chilled  water  has  been  determined  to  be  the  atmosphere  during 
the  winter  months  through  the  use  of  cooling  towers.  Prior  to  cooling  In  the 
tower,  precooling  of  the  aquifer  water,  using  cold  surface  waters  as  the 
source,  is  technically  feasible. 
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The  uses  of  low  temperature  thermal  energy  are  concluded  to  exist 
primarily  in  the  space  heating/cooling  of  high  population  density  residential 
areas  and  Industrial,  institutional,  and  commercial  facilities.  The  work 
performed  during  the  survey  identified  various  users  of  low  temperature 
thermal  energy  and  specified  their  geographical  location.  User  energy 
consumption  for  space  heating/cooling  was  also  estimated. 

Because  the  survey  of  producers  and  users  resulted  in  the  determination 
that  they  are  located  in  clusters,  in  relatively  close  proximity  to  one 
another,  there  exists  an  excellent  opportunity  to  continue  with  the  LTTES 
development  program. 

Potential  generic  systems  for  the  utilization  of  low  temperature  thermal 
energy  were  identified.  Because  of  the  wide  range  of  design  possibilities 
that  depend  largely  on  site-specific  considerations,  the  work  emphasized 
major  design  guidelines  for  the  development  of  utilization  schemes.  For 
simplicity  and  convenience,  the  treatment  of  utilization  systems  was  divided 
into  four  subsystems  that  maintain  relatively  independent  functions,  namely 
recovery,  storage,  transmission,  and  distribution. 

The  principal  methods  of  reclaiming  thermal  energy  from  industrial  and 
power  plant  waste  heat,  solar  energy,  and  environmental  energy  sources  make 
use  of  heat  exchangers.  Heat  exchangers  are  available  in  a variety  of  design 
configurations  to  meet  a wide  range  of  system  applications.  For  anticipated 
operating  conditions  of  low  temperature  thermal  energy  utilization  systems, 
off-the-shelf  exchangers  capable  of  meeting  design  requirements  should  be 
readily  available.  In  situations  where  the  quality  of  available  thermal 
energy  is  insufficient  for  user  needs,  heat  pumps  can  be  used  onsite  to 
provide  the  needed  temperature  increase  up  to  about  121°  C (250°  F) . The  use 
of  heat  pumps  extends  considerably  the  potential  for  waste  heat  utilization. 

The  transmission  distance  between  the  points  of  supply  and  use  is  one  of 
the  most  important  parameters  in  the  thermal  energy  utilization  system. 
Transmission  distance  governs  the  acceptable  supply  temperature  and  the 
economics  of  waste  heat  utilization.  The  limits  of  heat  transmission  line 
design  are  set  by  constraints  of  economic  feasibility,  rather  than  by  avail- 
able technology.  Practical  transmission  distance  now  ranges  between  8 and  41 
kilometers  (5  to  25  miles)  for  low  temperature  systems. 

Several  storage  well  configurations  are  possible,  but  the  doublet  storage 
well  concept  provides  the  most  system  flexibility  for  aquifer  thermal  energy 
storage.  This  doublet  concept  offers  easy  changeover  between  the  charging 
and  discharging  modes.  The  use  of  indigenous  groundwater  as  the  fluid  medium 
also  minimizes  geotechnical  problems. 
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CONCLUSIONS 


These  conclusions  are  preliminary  as  the  feasibility  study  is  not  complete 
at  this  time. 

(1)  The  technology  required  to  implement  all  phases  of  the  energy  utilization 
system  is  fully  developed  and  commercially  available  and  no  foreseeable 
technical  barriers  to  implementation  are  apparent.  The  major  constraint 
on  system  feasibility  is  attributed  to  economic  practicality  and  not  to 
technical  limitations. 

(2)  The  preferred  transport  medium  for  low  temperature  thermal  energy  is 
water,  especially  for  long  distance  transmission. 

(3)  The  storage  well  doublet  is  the  most  flexible  and  practical  storage 
system  concept  among  several  alternatives. 

The  necessary  work  for  the  determination  of  the  technical  feasibility  of 
LTTES  has  been  performed.  Surface  LTTES  components  require  no  development  for 
implementation  into  LTTES;  state-of-the-art  equipment  technology  is  adequate. 
Present  knowledge  of  well  drilling  and  the  present  technology  of  well  pumps 
are  sufficient  for  the  requirements  of  LTTES. 

The  major  development  work  required  is  the  determination  of  the  long-term 
effects  on  the  aquifer  and  adjacent  groundwaters  from  the  implementation  of  an 
LTTES  plant. 
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SEASONAL  THERMAL  ENERGY  STORAGE  IN  AQUIFERS  - MATHEMATICAL 
MODELING  STUDIES  IN  1979 


Chin  Fu  Tsang 

Lawrence  Berkeley  Laboratory 


PROJECT  OUTLINE 

Project  Title:  Mathematical  Modelinq  of  Thermal  Energy  Storage  in 

Aquifers  and  Support  for  Seasonal  Thermal  Energy  Storage 
Projects 

Principal  Investigator:  Chin  Fu  Tsang 

Organization:  Lawrence  Berkeley  Laboratory 

1 Cyclotron  Road 
Berkeley,  CA  94720 

Telephone:  (415)  843-2740  FTS:  451-5782 

Project  Goals:  Develop  methods  for  evaluating  hydrodynamic  and  thermal 

factors  for  aquifer  thermal  energy  storage  (ATES). 
Disseminate  information  on  aquifer  thermal  energy  storage 
and  provide  technical  support  for  the  Seasonal  Thermal 
Energy  Storage  (STES)  Program. 

Develop  numerical  models  to  simulate  water  and  heat  flow 
in  geologic  media,  and  use  these  models  to  predict  and 
evaluate  performance  of  aquifer  thermal  energy  storage 
tests.  Compile,  publish,  and  distribute  a bimonthly  ATES 
Newsletter. 

Project  Status:  A numerical  model  was  developed,  verified,  and  tested  to 

simulate  and  predict  ATES  performance. 

Issuance  of  the  ATES  Newsletter,  initiated  in  FY-1978, 
continued  in  FY-1979. 

Modeling  of  the  Auburn  field  test  was  completed  wit.h 
evaluation  of  the  first  and  second  heat 
injection/recovery  cycles. 

Work  planned  for  FY-1980  includes  continuation  of  the 
ATES  Newsletter,  modeling  of  the  Texas  A&M  University 
1978-1979  field  experiment,  completion  of  ATES  generic 
sensitivity  and  parametric  studies,  and  STES  technical 
support  as  required. 

Contract  Number:  W7405-ENG26 

Contract  Period: 

Funding  Level:  $96,700  (FY  1979) 

Funding  Source:  Energy  Storage  Systems  Division 

U.S.  Department  of  Energy 
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Seasonal  Thermal  Energy  Storage  in  Aquifers  - 
Mathematical  Modeling  Studies  in  1979 

Chin  Fu  Tsang 
Earth  Sciences  Division 
Lawrence  Berkeley  Laboratory 


Introduction 

Lawrence  Berkeley  Laboratory  (LBL)  first  began  working  on  seasonal 
thermal  energy  storage  in  aquifers  in  1976.  Initial  studies  have  included 
comprehensive  generic  calculations  based  on  a numerical  model  to  calculate 
the  coupled  heat  and  fluid  flows  in  a three-dimensional,  complex-geometry 
aquifer  system.  Various  situations  have  been  considered,  including  hot 
or  cold  water  storage,  storage  for  different  periods  of  time,  inhomo- 
genelty  of  the  storage  aquifer,  the  presence  of  barriers,  regional  flow, 
and  the  situation  of  a storage  well  partially  or  fully  penetrating  the 
aquifer.  Many  of  the  results  have  been  published  in  a series  of  papers 
(for  example.  References  1-3). 

In  1978,  LBL  organized  and  hosted  the  First  International  Workshop 
on  Aquifer  Thermal  Energy  Storage.  Active  workers  from  nine  countries 
participated  in  this  workshop  and  their  contributions  were  published  in 
The  Workshop  Proceedings  (Reference  4).  Since  the  Workshop,  a periodic 
Newsletter  (Reference  5)  has  kept  researchers  abreast  of  the  current 
status  of  various  projects  worldwide.  Many  of  these  projects  are  re- 
viewed in  invited  conference  review  papers  published  in  1979  (References 
6 and  7 ) . 

During  fiscal  year  1979  (October  1978  - September  1979)  major  LBL 
work  involved  the  numerical  modeling  of  the  recently-completed  hot  water 
storage  field  experiments  at  Auburn  University.  This  work  was  funded  by 
the  U. S.  Department  of  Energy,  Energy  Storage  Division,  through  Battelle 
Pacific  Northwest  Laboratory  and  Oak  Ridge  National  Laboratory.  Work  was 
also  done,  under  seperate  funding,  on  the  basic  understanding  of  thermal 
stratification,  dispersion,  and  buoyancy  flow  in  an  aquifer  used  for 
hot  or  cold  water  storage.  These  questions  are  crucial  in  determining 
the  efficiency  of  aquifer  energy  storage  and  will  be  discussed  elsewhere 
(References  8 and  9). 
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The  remainder  of  this  paper  will  summarize  the  results  of  the  simu- 
lation of  Auburn  field  experiments.  Details  of  the  simulation  will  be 
published  in  a paper  under  preparation. 

Simulation  of  Auburn  Field  Experiments 

The  recent  experiments  by  Auburn  University  involved  two  injection- 
storage-recovery  cycles.  Details  may  be  found  in  a companion  paper  (Ref- 
erence 10).  The  first  six  month  inj ection-storage-production  cycle 
involved  the  storage  of  55000  m3  of  water  at  about  55°C.  The  injection 
took  79.2  days,  at  the  end  of  which  the  hot  water  was  stored  for  52.5 
days.  Production  was  then  started  at  an  average  rate  of  245.6  gpm  until 
the  recovered  water  temperature  fell  to  32.8°C.  At  that  point  66%  of  the 
injected  energy  was  recovered.  The  second  inj ection-storage-production 
cycle  was  carried  out  in  essentially  the  same  manner,  using  58,000  m^  of 
water  at  an  average  temperature  of  55.4°C.  When  the  production  temper- 
ature had  dropped  to  33°C,  a recovery  of  76%  of  the  injected  energy 
was  realized. 

The  first  stage  of  the  simulation  involved  the  determination  of  the 
hydraulic  parameters  of  the  aquifer  (the  transmissivity  and  storativity) , 
and  the  location  of  a linear  hydrologic  barrier  through  well  test  analysis. 
Conventional  well  test  type  curve  analysis  techniques  require  a constant 
or  carefully  controlled  flow  rate.  To  get  around  this  limitation,  LBL 
has  developed  a computer-assisted  analysis  method,  program  ANALYZE 
(References  11  and  12)  that  can  handle  a system  of  several  production 
and  injection  wells,  each  flowing  at  an  arbitrarily  varying  flow  rate. 

This  program  was  applied  to  the  Auburn  case,  treating  the  injection 
period  also  as  a part  of  the  well  test  data  (Reference  13). 

With  parameters  thus  obtained,  the  LBL  three-dimensional,  complex 
geometry,  single-phase  model,  CCC,  was  used  to  make  detailed  modeling 
studies.  A radially  symmetric  mesh  was  assumed.  There  is  one  major 
hydrologic  parameter  that  was  not  determined  by  well  test  analysis. 

This  parameter,  the  ratio  of  vertical  to  horizontal  permeability,  has  to 
be  inferred  from  field  experience  and  parameter  studies.  After  making  a 
preliminary  parameter  study,  we  decided  to  use  a value  of  0.10  for  this 
ratio.  The  same  ratio  was  suggested  by  the  USGS  (Reference  14). 
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Because  neither  the  injection  flow  rate  nor  temperature  was  held 
constant,  it  was  necessary  in  our  simulations  to  break  up  both  the 
injection  (and  production)  periods  into  segments  having  average  flow  rate 
and  temperature  values,  conserving  injected  mass  and  energy  (Figure  1). 
Results  of  the  simulation  include  the  recovery  factor,  plots  of  production 
temperatures  versus  time,  as  well  as  temperature  contour  plots  and 
temperature  profiles  at  various  times  during  the  injection,  storage, 
and  production  periods.  Both  the  first  and  second  cycles  have  been 
successfully  simulated. 

For  the  first  cycle,  the  simulated  recovery  factor  of  0.68  agrees 
well  with  the  observed  value  of  0.66.  For  the  second  cycle  the  simulated 
value  is  0.78,  and  the  observed  value  is  0.76.  The  details  of  the 
comparison  between  simulated  and  observed  energy  recovery  can  be  studied 
in  production  temperature  versus  time  plots  (Figures  2 and  3).  For  both 
cycles,  the  initial  simulated  and  observed  temperatures  agree  (55°C). 
During  the  early  part  of  the  production  period,  the  observed  temperatures 
decreases  slightly  faster  than  the  simulated  temperature.  During  the 
latter  part,  the  simulated  temperatures  decreases  faster  than  the  observed 
temperature  so  that  by  the  end  of  the  production  period  the  simulated  and 
observed  temperatures  again  agree  (33°C).  The  descrepancy  over  the 
whole  range  is,  at  most,  1-2  degress. 

Temperature  contour  maps  of  vertical  cross-sections  of  the  aquifer 
at  given  times  (e.g..  Figure  4)  show  the  details  of  buoyancy  flow,  heat 
loss  through  the  upper  and  lower  confining  layers,  and  the  radial  extent 
of  the  hot  water  in  the  aqufier.  Buoyancy  flow  is  important  in  this 
rather  permeable  system.  Comparison  with  temperatures  recorded  in  obser- 
vation wells  throughout  the  aquifer  show  that  the  simulated  temperature 
distribution  agrees  generally  with  observed  temperatures.  However,  these 
discrepancies  are  much  larger  than  the  differences  between  calculated 
and  observed  production  temperatures.  Apparently  there  are  local 
variations  in  the  aquifer  which  tend  to  average  out.  Temperatures 
versus  radial  distance  at  given  depths  and  times  are  also  plotted  (e.g. 
Figures  5 and  6)  and,  from  these  profiles,  the  effects  of  thermal 
conductivity  and  dispersion  on  the  shape  of  the  thermal  front  can  be 
studied. 
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In  order  to  prove  the  mesh- independence  of  these  results , the  first 
cycle  has  been  modeled  again,  using  first  a coarser  mesh  (doubling  the 
radial  step)  and  then  a finer  mesh  (half  the  radial  step) . The  coarse 
mesh  recovery  factor  is  0.65 , to  be  compared  with  a value  of  0.66  using 
our  first  mesh.  Interestingly,  the  coarse  mesh  simulation  yields  a 
recovery  factor  slightly  closer  to  the  observed  value  than  does  the 
original  simulation,  so  the  increased  numerical  dispersion  may  be  more 
closely  simulating  thermal  dispersion  due  to  local  heterogeneities  in 
the  aquifer.  Temperature  as  a function  of  radial  distance  (Figure  7)  and 
the  production  temperature  as  a function  of  time  (Figure  8)  show  the 
insensitivity  of  the  results  to  the  mesh  chosen. 

Plans  for  Next  Year 

In  the  coming  year  we  have  been  asked  by  the  Department  of  Energy 
through  Battelle  Pacific  Northwest  Laboratory  to  model  the  Texas  A and  M 
University  chilled  water  storage  experiment  that  was  recently  completed. 
Further  generic  and  parameter  studies  will  be  made,  including  calculations 
of  effects  of  varying  the  ratio  of  vertical  and  horizontal  permeabilities, 
the  storativity  parameter,  the  storage  temperatures  and  effects  of  the 
well  partially  or  fully  penetrating  the  aqufier.  The  Aquifer  Thermal 
Energy  Storage  Newsletter  edited  and  published  by  Lawrence  Berkeley 
Laboratory  will  also  be  continued. 
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Figure  1.  Injection  flowrate 
and  temperature  versus  time, 
and  the  average  segments 
used  In  the  simulation. 
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Figure  2.  Observed  and  simu- 
lated production  temperature 
as  a function  of  time  for 
the  first  cycle. 
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Figure  3.  Observed  and  simu- 
lated production  temperature 
as  a function  of  time  for 
the  second  cycle. 
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Figure  4.  Simulated  temperature  contours  in  a vertical  cross 
section  of  the  aquifer  at  the  end  of  the  injection  period 
of  the  first  cycle,  observed  temperatures  are  also  indicated. 


Figure  5.  Temperature  ver- 
sus radial  distance  at 
the  end  of  injection 
period  for  the  first 
cycle.  Shaded  curve 
indicates  simulated 
values,  boxes  show  ob- 
served values. 
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Figure  6.  Temperature  versus  radi- 
al distance  at  the  end  of  injec- 
tion period  for  the  second  cycle. 
The  broken  curves  shows  the  simu- 
lated values  for  the  first  cycle, 
for  comparison. 
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Figure  7.  Simulated  tem- 
perature versus  radial 
distance  at  the  end  of 
the  injection  period 
for  the  coarse,  normal, 
and  fine  meshes. 


589 


COLD  WATER  AQUIFER  STORAGE 

Donald  L.  Reddell,  Richard  R.  Davison,  and  William  B.  Harris 

Texas  A & M University 


PROJECT  OUTLINE 

Project  Title:  Storage  of  Cold  Water  in  Ground-Water  Aquifers  for  Cooling 

Principal  Investigators:  Donald  L.  Reddell  and  Richard  R.  Davison 

Organization:  Texas  A&M  Research  Foundation 

FE  Box  H 

College  Station,  TX  77843 

Telephone:  (7131  845-3931  FTS:  522-3931 

Project  Goals:  Design,  develop  and  demonstrate  a working  prototype 

system  in  which  water  is  pumped  from  an  aquifer  at  70°F 
in  the  winter  time,  chilled  to  a temperature  of  less  than 
50°F,  injected  into  a ground-water  aquifer,  stored  for 
a period  of  several  months,  pumped  back  to  the  surface  in 
the  summer  time. 

Phase  I - This  phase  consisted  of  construction  of  the 
f acil ities  for  the  study. 

o Drilling  of  withdrawal  and  injection  wells, 
o Drilling  and  instrumentation  of  observation  wells, 
o Construction  of  a cooling  pond, 
o Installation  of  surface  piping,  pumping,  and 
associated  facilities. 

Phase  II  - This  phase  consisted  of  project  operation  and 
data  collection  and  analysis. 

o Injection  cycle, 
o Storage  period, 
o Recovery  cycle, 
o Data  analysis  and  reporting. 

Project  Status:  Operation  of  the  facility  was  initiated  in  October  1978. 

A total  of  8.1  million  gallons  of  chilled  water  at  an 
average  temperature  of  48°F  were  injected.  This  was 
followed  by  a storage  period  of  100  days.  The  recovery 
cycle  was  completed  September  8,  1979,  with  a total  of 
8.1  million  gallons  recovered.  Approximately  20  percent 
of  the  chill  energy  was  recovered. 

Data  analysis  is  now  in  progress  and  a final  report  will 
be  issued  by  March  31,  1980. 

Contract  Number:  7386 

Contract  Period:  October,  1978  to  April,  1980 
Funding  Level:  $219,000 

Funding  Source:  Energy  Storage  Systems  Division 

U.S.  Department  of  Energy 
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COLD  WATER  AQUIFER  STORAGE 


Donald  L.  Reddell,  Richard  R.  Davison  and 
William  B.  Harris 
Texas  A&M  University 


SUMMARY 


A cold  water  aquifer  storage  experiment  was  conducted  at  Texas  A&M 
University  during  the  winter  of  1979.  Parameters  for  designing  cooling  ponds 
to  chill  water  from  295  K to  277  K were  developed.  In  addition,  data  on  the 
movement  of  chilled  water  through  a highly  permeable,  shallow,  unconfined 
aquifer  were  obtained.  This  study  provided  a least-cost  method  for  obtaining 
data  on  chilled  water  movement  in  aquifers  to  verify  numerical  models  and  to 
evaluate  problems  with  chilled  water  storage.  Regional  flow  in  the  aquifer 
and  natural  recharge  to  the  aquifer  during  the  second  wettest  year  in  history 
reduced  the  thermal  energy  recovery  from  an  expected  40  percent  to  20  percent. 
No  aquifer  plugging  problems  were  experienced  during  injection  and  recovery 
operations.  The  cooling  pond  operation  was  an  exceptional  success. 


INTRODUCTION 


Ground  water  aquifers  are  available  in  most  sections  of  the  world.  Ap- 
proximately 80  percent  of  the  populated  areas  of  the  earth  have  aquifers  capa- 
ble of  delivering  over  6.3  x lO^1 2*  m^/s.  These  aquifers  are  capable  of  yield- 
ing or  receiving  water.  Recharge  wells  have  been  widely  used  for  years  as  a 
water  conservation  measure. 

Space  cooling,  or  air  conditioning,  is  a major  energy  user  in  this  coun- 
try. Attempts  at  solar  cooling  using  the  summer  sun  have  not  been  particu- 
larly successful.  An  available  source  of  low  cost  cooling  is  abundantly 
available  in  most  regions  of  the  country  during  the  winter.  If  a low-cost 
storage  system  could  be  developed,  this  natural  winter  cold  could  be  stored 
and  recovered  for  space  cooling  during  the  summer.  Aquifers  may  be  the 
necessary  low-cost  storage  system  to  make  this  system  work. 

A project  to  investigate  the  use  of  aquifers  for  storing  cold  water  was 
conducted  by  Texas  A&M  during  the  winter  of  1979.  This  project  had  the 
following  objectives: 

(1)  Develop  and  experimentally  verify  design  criteria  for  operating 

a cooling  pond  in  the  295  to  277  K temperature  range. 
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(2)  Collect  field  data  from  a cold  water  aquifer  injection 
experiment  for  use  in  verifying  numerical  models  of  aquifer 
thermal  energy  storage  systems,  and 

(3)  Evaluate  any  well  plugging  problems  caused  by  injecting  a highly 
aerated  water  into  an  aquifer. 

This  project  is  not  a demonstration  project;  it  is  a low  budgeted  field 
experiment  to  evaluate  problems  associated  with  cold  water  aquifer  storage. 

To  reduce  project  costs,  the  aquifer  selected  is  a very  permeable,  shallow 
unconfined  aquifer  with  significant  regional  movement  and  natural  recharge. 

A confined  slowly— permeable  aquifer  is  available  at  a deeper  depth  with 
characteristics  more  conducive  for  aquifer  thermal  energy  storage. . However, 
the  shallow  aquifer  with  less  favorable  characteristics  was  chosen  to  allow 
us  to  stay  within  a total  construction  cost  budget  of  $50,000. 


UNITS 


Values  reported  in  this  report  are  in  SI  units.  However,  the  actual 
measurements  and  calculations  were  made  in  U.S.  Customary  Units. 


COOLING  POND  EVALUATION 


A spray  pond  15  m wide,  30  m long  and  1.8  m deep  was  dug  and  then  lined 
with  a 32  mil  Hypalon  rubber  liner  to  prevent  seepage.  Spray  nozzles  are 
mounted  on  three  parallel  0.1  m distribution  pipes  supported  by  a wooden 
frame.  The  distribution  pipes  are  2.1  m above  the  pond  bottom.  Each  distri- 
bution pipe  supports  25  spray  nozzles  on  0.6  m by  0.01  m risers.  Pond  water 
is  circulated  by  a 0.038  m-^/s  centrifugal  pump  which  supplies  about  0.010 
m-Vs  to  the  filter  and  0.028  m3/s  to  the  spray  nozzles.  A drift  fence  2.4  m 
high  was  installed  along  each  long  side  of  the  pond  to  prevent  drift  of  water 

The  spray  pond  performance  exceeded  expectations  especially  at  low  wind 
velocities.  Data  indicated  that  the  cooling  capacity  of  this  pond  increased 
linearly  with  the  water  circulation  rate.  This  indicated  that  the  pond  area 
was  not  limiting  and  that  more  cooling  capacity  could  be  achieved  by  increas- 
ing the  size  of  the  recirculation  pump. 

With  a water  spray  rate  of  6.62  x 10-^  m^/s  per  linear  meter  of  spray 
header  and  no  wind,  the  spray  pond  produced  cooling  at  the  rate  of 


Q = 1.298  (T-T  , ) 

WD 


(1) 
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where  Q 


= cooling  rate  (kW/m  of  spray  header), 
T = temperature  of  spray  water  (K) , and 
T ^ = wet  bulb  temperature  (K) . 


At  the  present  circulation  rate  (no  wind)  about  310  kW  of  cooling  was 
achieved  with  a 3.9  K approach  temperature.  This  high  performance  at  virtual- 
ly zero  wind  speed  is  especially  significant  in  view  of  the  many  cold,  clear, 
still  nights  in  the  Bryan,  Texas  area.  Weather  records  in  Bryan  indicate  that 
during  an  average  winter,  1300  hours  are  available  when  water  averaging  280  K 
could  be  produced  with  a 3.9  K approach  temperature.  Thus,  a cooling  pond  of 
the  size  used  in  this  experiment  could  produce  about  1.44  x lO^  j Qf  cooling 
during  a typical  Bryan,  Texas  winter. 

The  cooling  capacity  of  this  cooling  pond  could  be  significantly 
increased  by  enlarging  the  recirculation  capacity  of  the  pond.  We  have  modi- 
fied the  cooling  pond,  enlarged  its  cooling  capacity,  and  plan  to  operate  the 
pond  on  a limited  basis  during  the  winter  of  1980  to  evaluate  its  cooling 
capacity  under  the  modified  conditions. 


AQUIFER  INJECTION  EVALUATION 


The  field  experiment  is  located  about  16  km  west  of  Bryan,  Texas.  The 
wells  are  drilled  into  the  Brazos  River  alluvium  aquifer  to  a total  depth  of 
17  m.  The  principal  production  zone  is  a coarse  sand  and  gravel  from  12  to 
17  m.  A fine  sand  1.5  m thick  overlies  the  sand  and  gravel  zone.  A slowly 
permeable  silty  clay  overlies  the  sand  and  causes  a semi-confined  aquifer 
effect.  However  this  silty  clay  zone  has  sufficient  vertical  permeability  to 
allow  significant  quantities  of  natural  recharge  to  enter  the  aquifer.  The 
normal  static  water  level  is  7.5  m.  During  1979,  1.15  m of  rainfall  occurred 
(the  second  wettest  year  on  record)  and  the  static  water  level  increased  from 
7.5  m to  5.8  m. 

A production  well  was  drilled  about  700  m west  of  the  Brazos  River,  and 
an  injection  well  was  drilled  another  408  m west  of  the  production  well.  The 
production  well  was  test  pumped  at  the  rate  of  0.028  m^/s,  and  the  injection 
well  at  the  rate  of  0.013  m3/s.  The  production  well  had  a hydraulic  conduc- 
tivity of  180  m/d  and  the  injection  well  had  a hydraulic  conductivity  of 
140  m/d.  The  hydraulic  gradient  at  the  injection  site  has  varied  from  0.001 
to  0.005.  Thus,  regional  movement  of  0.14  to  0.70  m/d  has  probably  occurred 
in  this  aquifer  during  the  past  year.  These  conditions  are  not  conducive  for 
demonstrating  an  aquifer  thermal  energy  storage  system  in  which  the  recovery 
of  injected  energy  is  the  primary  objective.  However,  the  objective  of  this 
experiment  was  to  inexpensively  evaluate  field  temperature  profiles  for  use 
in  verifying  numerical  models.  From  that  point  of  view,  the  experiment  has 
been  a success. 
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A system  of  10  observation  wells  are  located  around  the  injection  well 
and  another  10  observation  wells  are  located  around  the  production  well. 

These  wells  were  used  to  measure  the  water  levels  and  temperature  profiles  at 
various  radii  from  the  wells . 

The  first  cold  water  was  injected  on  January  4,  1979.  Water  was  injected 
on  24  days  during  January,  24  days  during  February,  and  11  days  during  March. 
The  volume  of  water  injected  during  January,  February,  and  March  was  13,625, 
12,490,  and  4540  m^,  respectively.  A total  of  30,655  m^  was  injected  during 
the  entire  3-month  period.  The  average  injection  rate  during  the  period  was 
520  m^/d;  exactly  equal  to  the  design  injection  rate. 

The  injection  temperature  fluctuated  some  during  the  experiment  but  was 
kept  approximately  equal  to  282  K.  Colder  water  could  have  been  easily  pro- 
duced. In  an  actual  demonstration  of  the  cold  water  system,  it  would  be 
desirable  to  inject  colder  water,  but  the  objective  of  this  project  was  to 
establish  a measurable  temperature  difference  in  the  aquifer,  and  collect  data 
for  verifying  numerical  models.  This  was  accomplished.  The  average  injection 
temperature  throughout  the  injection  period  was  282  K. 

The  resulting  temperature  profiles  around  the  injection  well  are  shown  in 
figures  1 and  2.  Figure  1 shows  the  temperature  profile  on  January  31,  1979. 
On  this  date,  the  temperature  profiles  appear  to  be  uniform.  An  upward  bulge 
in  the  temperature  profile  near  the  injection  well  is  the  result  of  being  an 
unconfined  aquifer.  Some  upward  movement  into  the  overlying  clays  occurred. 

Figure  2 shows  the  profiles  on  February  28,  1979.  The  profiles  are  not 
mirror  images  of  each  other.  Regional  flow  occurs  from  right  to  left  in 
figure  2.  It  can  be  seen  how  the  regional  flow  has  moved  the  cold  water 
farther  in  the  down  gradient  direction.  By  July  8,  1979,  when  recovery  of 
water  was  initiated,  regional  flow  had  moved  the  cold  water  zone  30  to  40 
meters  down  gradient  from  the  injection  well  (Fig.  3) . A zone  of  cold  water 
in  the  slowly  permeable  clays  still  existed  near  the  well.  But  this  had 
little  chance  of  being  recovered  during  the  pump  out  period. 

On  July  9,  1979,  the  injection  well  was  pumped  at  the  rate  of 
6.31  x 10~3  m^/s.  This  was  continued  for  30  days  and  the  pumping  rate  was 
then  increased  to  9.46  x lO-^  m^/s.  Pumping  was  stopped  on  September  6,  1979, 
after  withdrawing  30,655  m^  of  water.  This  water  was  returned  to  the  original 
pumping  well  and  reinjected  into  the  aquifer.  The  temperature  of  the  recov- 
ered water  was  initially  290  K and  increased  to  a final  temperature  of  292  K. 

A total  of  1.56  x 10^2  J was  injected  during  the  winter  period  and 
0.36  x 1012  J was  recovered  during  the  pump  out.  This  provided  a 23  percent 
thermal  recovery  efficiency  during  the  first  year  of  operation.  We  had  ex- 
pected to  obtain  at  least  a 40  percent  thermal  recovery  efficiency;  but  the 
large  regional  flow  rate  in  the  coarse  gravel  zone  of  the  aquifer  prevented 
this  from  occurring. 
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NUMERICAL  SIMULATION 


At  the  present  time,  Texas  A&M  is  using  two  numerical  models  to  analyze 
the  data  from  this  injection  experiment.  One  of  these  is  a finite  difference 
aquifer  model  and  the  other  is  a finite  element  aquifer  model.  Work  on  devel- 
oping the  models  was  initiated  in  October  of  1979  and  only  preliminary  results 
are  available.  Figure  4 shows  results  of  an  initial  computer  model  run  54 
days  after  injection  was  initiated.  Qualitatively,  the  present  numerical 
model  shows  agreement  with  the  field  data.  However,  some  refinement  of  input 
data,  such  as  natural  recharge  rates  and  vertical  permeabilities,  is  needed 
before  a final  match  is  obtained.  We  hope  to  have  the  two  numerical  models 
working  by  March  1,  1980. 


GEOCHEMICAL  STUDIES 


The  aquifer  used  for  this  experiment  had  a very  high  iron  content  of 
9.1  ppm.  When  aerated  in  the  cooling  pond,  an  iron  precipitate  was  formed. 
Much  of  the  iron  was  precipitated  in  the  cooling  pond.  However,  prior  to 
injection,  the  water  was  passed  through  a sand  filter  to  remove  any  remaining 
iron.  The  iron  content  of  the  injected  water  was  not  detectable.  It  was 
necessary  to  backwash  the  filter  after  injecting  every  950  m3  of  water. 

During  the  pump  out,  we  expected  the  iron  content  of  the  recovered  water 
to  have  increased  because  of  the  obvious  regional  flow  problem.  However,  the 
iron  content  started  out  at  non-de tec table  levels  and  had  only  increased  to 
about  0.3  to  0.4  ppm  at  the  end  of  the  pump  out.  The  exact  reason  for  this 
is  not  known  at  this  time  and  is  still  under  investigation. 

The  important  factor  is  that  the  injection  well  did  not  indicate  any 
signs  of  plugging  during  its  3 months  of  injection.  The  specific  capacity  was 
2.69  x 10“ 3 m3/m  at  the  beginning  of  the  injection  period,  and  it  was  still 
2.69  x 10"3  m3/m  at  the  end  of  the  injection  period.  What  would  happen  over 
a several  year  period  is  unknown,  but  we  were  encouraged  about  the  first 
year's  results. 

To  prevent  biological  contamination,  the  water  was  chlorinated  prior  to 
inj  ection. 

During  the  injection  phase,  a total  of  29,100  kg  of  solids  were  injected 
into  the  well.  During  the  pump  out  a total  of  28,800  kg  of  solids  were  re- 
moved. Although  this  shows  that  some  solids  may  be  left  in  the  aquifer,  the 
results  are  well  within  experimental  error,  and  no  significant  statistical 
difference  exists  between  the  two. 
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CONCLUSION 


As  a demonstration  of  ATES  technology,  the  first  cooling  cycle  at  Texas 
A&M  might  be  considered  marginal  because  no  useful  cold  water  was  recovered. 
However,  as  an  experiment  the  project  was  very  encouraging.  Every  aspect  of 
the  system  operation  equaled  or  exceeded  expectations.  There  were  no  signs  of 
well  plugging  during  the  injection  cycle.  The  cooling  pond  proved  to  be  an 
exceptionally  efficient  and  low-cost  method  of  producing  cold  water;  and  with 
the  knowledge  gained,  a further  increase  in  the  cooling  pond  capacity  is 
anticipated. 

The  simple  sand  filter  worked  perfectly,  and  in  conjunction  with  the 
oxidation  in  the  spray  pond,  completely  removed  the  iron  from  the  water.  No 
plugging  of  the  well  was  indicated  during  this  initial  injection  cycle.  The 
observation  wells  gave  a complete  hydraulic  and  thermal  history  of  the  aqui- 
fer during  the  experiment. 

The  poor  thermal  recovery  was  due  to  regional  flow.  This  had  been  ex- 
pected to  a degree,  but  it  was  made  worse  by  the  second  wettest  winter  and 
spring  on  record  which  raised  the  water  table  1.7  m.  During  the  next  few 
months,  this  injection  cycle  will  be  simulated  using  computer  models  of  the 
aquifer  system. 
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WELL « SOUTH  (NE.NW)  DATE*  JULY  8,1979 


Figure  3.  Temperature  profiles  after  a 90-dav  injection  period  and  a 90-day 
storage  period. 


Figure  4.  Results  from  initial  simulation  of  temperature  profiles  following  54  days 
of  injection. 
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HOT-WATER  AQUIFER  STORAGE  - A FIELD  TEST 

A.  D.  Parr,  F.  0.  Molz,  and  P.  F.  Andersen 
Auburn  University 

PROJECT  OUTLINE 


Project  Title:  Thermal  Energy  Storage  in  Confined  Aquifers 

Principal  Investigator:  F.  J.  Molz  and  A.  D.  Parr 

Organization:  Water  Resources  Research  Institute 

Auburn  University 
Auburn,  AL  36830 
Telephone:  (205)  826-5075 

Project  Goals:  To  inject  heated  water  into  a confined  aquifer,  store  it 

for  a period  of  time,  and  pump  it  out. 

To  record  water  temperatures  and  hydraulic  heads  during 
the  injection-storage-recovery  cycle. 

To  determine  to  the  extent  possible  the  feasibility  of 
storing  thermal  energy  in  confined  aquifers. 

Construction  of  facilities: 

o Drilling  of  withdrawal  and  injection  wells, 
o Drilling  and  instrumentation  of  observation  wells, 
o Installation  of  surface  support  facilities. 

Operation,  data  collection,  and  analysis: 

o First  cycle 

- Injection 

- Storage 

- Recovery 

o Second  cycle 

- Injection 

- Storage 

- Recovery 

o Data  analysis  and  reporting 

Project  Status:  The  second  cycle  has  been  completed  and  data  are  now 

being  analyzed.  Final  reports  and  publications  are  also 
being  prepared.  Data  have  been  provided  to  LBL  for 
simulation  modeling  analysis. 

Contract  Number:  7338 

Contract  Period:  July  1977  to  December  1979 
Funding  Level:  $387,283 

Funding  Source:  Energy  Storage  Systems  Division 

U.S.  Department  of  Energy 
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HOT-WATER  AQUIFER  STORAGE  - A FIELD  TEST 

A.D.  Parr,  F.J.  Molz,  and  P.F.  Andersen 
Auburn  University 


INTRODUCTION 

The  storage  of  hot  water  in  aquifers  is  considered  one  of  the  most  promi- 
sing near-term  alternatives  for  seasonal  storage  of  thermal  energy.  Excess 
heat  produced  during  the  summer  could  be  stored  in  groundwater  regions  and 
pumped  out  during  the  winter  months  when  demand  for  heat  is  greatest.  The 
insulating  properties  of  the  earth  and  the  vast  volumetric  capacity  of  its 
aquifers  make  this  concept  particularly  attractive.  Auburn  University  has 
been  involved  in  a large-scale  field  study  of  heat  storage  in  a confined 
aquifer  near  Mobile,  Alabama.  Currently,  two  injection-storage-recovery  cycles 
have  been  completed. 

The  first  cycle  involved  the  injection  of  54,800  cubic  meters  of  55°C 
water  into  the  confined  aquifer.  The  ambient  temperature  of  the  water  in  the 
confined  aquifer  and  in  the  upper  semi-confined  aquifer  from  which  the  supply 
water  is  pumped  was  20  C.  After  a storage  period  of  51  days,  the  injection 
well  was  pumped  until  the  temperature  of  the  recovered  water  dropped  to  33  C. 

At  that  point  55,300  cubic  meters  of  water  had  been  withdrawn  and  66  percent 
of  the  injected  energy  had  been  recovered. 


A volume  of  58,000  cubic  meters  of  55°C  water  was  injected  during  the 
second  cycle.  The  water  was  stored  for  63  days  and  then  recovered.  When  the 
recovery  temperature  equalled  the  temperature  at  the  end  of  the  recovery  period 
for  the  first  cycle,  33  C,  66,400  cubic  meters  had  been  pumped  from  the  aquifer 
and  76  percent  of  the  injected  energy  had  been  recovered.  The  recovery  period 
for  the  second  cycle  continued  until  the  water  temperature  was  27.5  C and 
100,100  cubic  meters  of  water  was  recovered.  At  the  end  of  the  cycle  about 
90  percent  of  the  energy  injected  during  the  cycle  had  been  recovered. 


EXPERIMENTAL  SET-UP 

The  experimental  site  is  located  near  Mobile,  Alabama,  at  a soil  borrow 
area  at  the  Barry  Steam  Plant  of  the  Alabama  Power  Company.  The  basic  injec- 
tion system  is  shown  in  Figure  1.  Water  was  pumped  from  an  upper  semi-confined 
aquifer,  passed  through  a boiler  where  it  was  heated  to  a temperature  of  about 
55  C,  and  injected  into  a medium  sand  confined  aquifer.  The  injection  well  has 
a 6-inch  (15-cm)  partially-penetrating  steel  screen.  The  top  of  the  storage 
formation  is  about  40  meters  below  the  surface  and  the  formation  thickness  is 
about  21  meters. 


602 


Storagt  formation -"—*J 


Figure  1.  Schematic  of  Hot-Water  Injection  System 

The  relative  location  of  the  supply  and  injection  wells  and  of  14  obser- 
vations wells  Is  shown  in  Figure  2.  The  observation  wells  were  used  to  monitor 
temperature  and  phreatic  surface  elevations  during  the  experiments.  The 
readings  were  used  primarily  to  calibrate  numerical  models  describing  heat  and 
mass  transport  in  aquifers. 


Figure  2.  Top  View  of  Well  Field  at  Experimental  Site 
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Figure  3 shows  a schematic  of  a typical  observation  well  in  which  tempera- 
ture was  measured.  The  six  thermistors  were  equally  spaced  over  the  aquifer 
thickness.  The  wells  were  backfilled  with  sand  in  order  to  preclude  extraneous 
vertical  mixing  due  to  convection  in  the  wells. 


Figure  3.  Side  View  of  Typical  Observation  Well 


EXPERIMENTAL  PROCEDURE 

Water  was  injected  into  the  aquifer  at  rates  from  6.3  to  12.6  liters  per 
second  during  the  first  cycle.  The  injection  period  was  79  days.  The  varia- 
bility of  the  injection  rate  was  due  to  clogging  of  the  formation  around  the 
injection  well.  Near  the  end  of  the  first  cycle  injection  period  it  was  rea- 
lized that  backwashing  the  injection  well  for  a few  minutes  immediately  in- 
creased the  specific  capacity  of  the  well  and  helped  control  the  clogging 
problem.  After  a storage  period  of  51  days  water  was  recovered  from  the  injec- 
tion well  with  a submersible  pump  at  a nearly  constant  rate  of  15.8  liters  per 
second.  The  recovered  water  was  discharged  into  a nearby  canal. 

The  injection  period  for  the  second  cycle  lasted  63  days  and  the  discharge 
rate  varied  from  9.8  to  13.6  liters  per  second.  The  improved  discharge  rate 
was  attributed  to  periodic  injection  well  backwashing  performed  throughout  the 
injection  period.  After  a 63-day  storage  period,  the  water  was  recovered  at  an 
average  rate  of  about  14  liters  per  second. 

Hydraulic  heads  and  temperatures  were  recorded  in  the  observation  wells 
throughout  both  cycles.  The  measurements  provided  a method  of  observing  and 
analyzing  the  hydrodynamic  and  thermodynamic  behavior  of  the  injected  hot 
water  in  the  confined  aquifer  region.  Specific  presentation  and  discussion 
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of  this  data  are  beyond  the  scope  of  this  paper. 


EXPERIMENTAL  RESULTS 

A plot  of  recovery  temperature  versus  recovery  volume  is  shown  in  Figure  4 
for  both  cycles.  The  improvement  of  the  second  cycle  was  due  to  the  residual 
heat  remaining  in  the  aquifer  and  the  surrounding  aquitards  after  completion 
of  the  first  cycle. 


Figure  4.  Recovery  Temperature  versus  Recovery  Volume 


A measure  of  the  effectiveness  of  a heat  storage  containment  system  is  the 
fraction  of  the  energy  input  of  the  system  that  can  be  recovered  at  the  end  of 
the  storage  period.  This  fraction,  called  the  recovery  factor,  is  determined 
by  dividing  the  energy  output,  E t,  by  the  energy  input,  E^  . Figure  5 shows 
the  recovery  factor  versus  recovery  temperature  for  both  cycles.  The  recovery 
factors  for  the  first  and  second  cycles  were  0.66  and  0.76,  respectively,  for 
the  same  recovery  temperature  of  33°C.  The  second  cycle  recovery  period  was 
continued  until  the  recovery  temperature  reached  27.5°C,  and  the  recovery 
factor  was  about  0.90.  Figure  6 shows  recovery  factor  versus  recovery  volume. 
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EQUILIBRIUM  GEOCHEMICAL  MODELING  OF  A SEASONAL  THERMAL  ENERGY 

STORAGE  AQUIFER  FIELD  TEST 

J.  S.  Stottlemyre 
Pacific  Northwest  Laboratory 

PROJECT  OUTLINE  I 

Project  Title:  Advanced  Analysis  Methodologies  (Mathematical  Modeling) 

Principal  Investigator:  C.  T.  Kincaid 

Organization:  Pacific  Northwest  Laboratory 

P.  0.  Box  999 
Richland,  WA  99352 

Telephone:  (509)  375-2867  FTS:  444-7511 

Project  Goals:  To  develop  numerical  simulation  technology  capable  of 

predicting  the  transport  of  a stored  thermal  resource 
within  the  ground-water  environment. 

Expand  currently  available  ground-water  models  to  include 
energy  transport. 

Verify  the  expanded  models  through  use  of  available  data 
sets  (which  include  energy  parameters). 

Apply  the  verified  models  to  proposed  LETF  sites. 

Develop  an  energy  transport  model  for  unconfined  aquifers. 

Apply  the  unconfined  model  to  a representative 
aquifer/energy  storage  system. 

Document  the  models  developed. 

Apply  data  from  the  laboratory  and  field  experiments  to 
account  for  observed  changes. 

Project  Status:  Project  was  initiated  in  October,  1979. 

Contract  Number:  EY-76-C-06-1830 

Contract  Period:  October  1979  (Continuing) 

Funding  Level:  $170,400  (FY  1980) 

Funding  Source:  Energy  Storage  Systems  Division 

U.S.  Department  of  Energy 
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PROJECT  OUTLINE  II 


Project  Title:  Advanced  Analysis  Methodologies  (Laboratory) 

Principal  Investigator:  J.  A.  Stottlemyre 

Organization:  Pacific  Northwest  Laboratory 

P.  0.  Box  999 
Richland,  WA  99352 

Telephone:  (509)  375-2733  FTS:  444-7511 

Project  Goals:  To  conduct  laboratory  investigations  of  well  injection 

and  water  quality  problems  anticipated  under  ATES 
reservoir  operating  conditions. 

Develop  laboratory  scale  equipment  capable  of  closely 
"simulating"  in  situ  ATES  mechanical  and  thermal 
loading  conditions.  Priorities  are  on  effective 
stress,  temperature,  and  fluid-flow  conditions.  Such 
equipment  should  be  available  to  support  LETF  and 
demonstration  sites. 

Investigate  the  phenomena  of  time  and/or  temperature- 
dependent  changes  in  hydraulic  conductivity  and  bulk 
compressibility. 

Develop  a standard  suite  of  tests  applicable  to  each 
potential  LETF  or  demonstration  facility.  Emphasis 
shall  be  on  identifying  operational  and/or  environ- 
mental problems  and  recommending  mitigating  techniques 

Project  Status:  Project  was  initiated  in  October  1979. 

Contract  Number:  EY-76-C-06-1830 

Contract  Period:  October  1979,  Continuing 

Funding  Level:  $105,000  (FY  1980) 

Funding  Source:  Energy  Storage  Systems  Division 

U.S.  Department  of  Energy 
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EQUILIBRIUM  GEOCHEMICAL  MODELING  OF  A SEASONAL  THERMAL  ENERGY 

STORAGE  AQUIFER  FIELD  TEST 

J.  A.  Stottlemyre 
Pacific  Northwest  Laboratory 


ABSTRACT 


The  report  sunmarizes  a geochemical  mathematical  modeling  study  designed 
to  investigate  the  well  plugging  problems  encountered  at  the  Auburn  University 
experimental  field  tests.  The  results,  primarily  of  qualitative  interest, 
include:  1)  loss  of  injectivity  was  probably  due  to  a combination  of  native 
particulate  plugging  and  clay  swelling  and  dispersion,  2)  fluid-fluid 
incompatabilities,  hydrothermal  reactions,  and  oxidation  reactions  were  of 
insignificant  magnitude  or  too  slow  to  have  contributed  markedly  to  the 
plugging,  and  3)  the  potential  for  and  contributions  from  temperature-induced 
dissolved  gas  solubility  reductions,  capillary  boundary  layer  viscosity 
increases,  and  microstructural  deformation  cannot  be  deconvolved  from  the 
available  data. 


INTRODUCTION 


Since  1976,  two  field  experiments  have  been  conducted  by  Auburn  Univer- 
sity involving  storage  of  heated  waters  in  a shallow,  confined  aquifer  near 
Mobile,  Alabama  (ref.  1 and  2).  The  first  experiment  involved  injection  of 
7,570  m^  of  37°C,  filtered  water  from  an  electric  power  plant  cooling  water 
canal.  The  storage  aquifer  is  located  between  40  and  62  m below  the  land 
surface.  The  heated  canal  water  was  stored  for  37  days  and  then  recovered 
with  an  overall  thermal  efficiency  of  67%.  The  process  was  inhibited  by 
significant  plugging  of  the  injection  well.  This  has  been  attributed  to  clay 
and  silt  particles  suspended  in  the  canal  water;  filtering  above  the  5-micron 
range  improved  but  did  not  eliminate  the  problem. 

A second  experiment,  utilizing  the  same  storage  aquifer,  involved  a 79-day 
injection  of  55,345  m^  of  55°C  boiler  heated  water.  The  water  source  was  an 
unconfined  aquifer  located  between  25  m and  34  m below  the  land  surface.  The 
water  was  stored  for  50  days  and  then  retrieved  over  a 41-day  period.  The 
recovery  efficiency  was  65%  over  a temperature  range  of  55°C  and  3°C.  Ambient 
groundwater  temperature  was  20°C.  Figure  1 is  a schematic  of  this  second 
experiment.  It  is  important  to  note  that  the  supply  water  was  extracted  from 
an  overlying  aquifer  and,  therefore,  the  system  did  not  represent  a true 
doublet  configuration. 

Clogging  of  the  injection  well  again  proved  to  be  a major  operational 
difficulty.  Loss  of  permeability  resulted  in  a decrease  in  the  maximum 
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injection  rate  from  12.6  f.»sec"l  (200  gpm)  to  6.3  £«sec“l  (100  gpm) . 

Plugging  of  the  well  may  have  been  due  to  the  water  sensitive  nature  of  the 
storage  aquifer  sediments.  Mon tmoril Ionite  clay  in  combination  with  low 
cation  concentration  of  the  supply  water  relative  to  the  storage  aquifer  water 
may  have  resulted  in  swelling  and  dispersion  of  clay  particles  as  shown  con- 
ceptually in  figure  2.  Such  water  sensitivity  is  a documented  phenomenon  which 
lends  itself  to  laboratory  identification  and  field  pretreatment  (ref.  3,  4, 

5).  It  is  also  possible  that  the  supply  aquifer  water  contained  suspended 
solids  and/or  dissolved  gases  which  may  have  contributed  to  the  plugging. 

In  general,  there  are  other  potential  reservoir  permeability  damage  mecha- 
nisms including  precipitation  of  minerals  due  to  the  mixing  of  incompatible 
groundwaters,  water-rock  incompatibility,  increased  temperatures,  boundary 
layer  viscosity  anomalies  (ref.  6),  and  microstructural  deformation  (ref.  7). 

The  primary  objective  of  this  study  is  to  investigate  fluid-fluid  incom- 
patibility, fluid-rock  incompatibility,  hydrothermal  mineral  alterations,  and 
redox  reactions  with  respect  to  potential  contribution  to  the  loss  of  well 
injectivity  observed  at  the  Auburn  field  experiments.  This  investigation  was 
based  on  equilibrium  chemical  thermodynamic  computer  modeling.  No  laboratory 
and/or  post -experimental  field  data  are  available  for  comparison,  and  there- 
fore the  results  of  this  computer  study  are  only  of  qualitative  value. 


Sediment  and  Groundwater  Characterization 

Approximate  groundwater  chemistry  is  shown  in  table  1.  Sediment  min- 
eralogy and  grain  size  distribution  are  given  in  tables  2 and  3. 


Description  of  Test  Cases 

The  objective  of  this  study  is  to  analyze  some  potential  alternate  causes 
of  formation  plugging  at  the  Auburn  field  test.  The  following  observations 
are  noted : 


• The  shallow  partially  confined  supply  aquifer  is  low  in  ionic  concentra- 
tion relative  to  the  storage  aquifer,  and  has  unknown  suspended  solid  and 
dissolved  gas  concentrations. 

• The  deeper,  confined,  storage  aquifer  water  is  assumed  to  be  in  chemical 
equilibrium  with  the  formation  mineralogy  at  a temperature  of  19.5°C. 

• The  supply  and  storage  waters  were  increased  in  temperature  from  19. 5° C 
to  approximately  55°C. 
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• Plugging  occurred  when  the  supply  aquifer  water  was  used  as  the  working 
fluid. 

• Plugging  apparently  did  not  occur  when  the  storage  formation  water  was 
injected  back  into  the  storage  aquifer.  This  water  was  not  heated  however 
(Molz,  Auburn  University,  personal  communication). 

Based  on  these  observations  and  a water  sensitivity  test  conducted  at 
Auburn  University,  (Molz,  personal  communication),  it  is  probable  that  the  loss 
in  well  injectivity  resulted  primarily  from  particle  plugging  and  clay  swelling 
and  dispersion.  The  montmoril Ionite  content  is  less  than  a percent  by  weight; 
however,  this  is  often  sufficient  to  inhibit  the  flow  of  low  salinity  waters 
(ref.  3).  Furthermore,  dispersed  particles  in  the  micron  and  submicron  range 
can  often  significantly  reduce  permeability  (ref.  5). 

Other  potential  reservoir  damage  mechanisms  amenable  to  chemical 
thermodynamic  modeling  include: 

• mineral  precipitation  as  the  working  fluid  temperature  is  increased 

• mineral  precipitation  as  oxygen  is  introduced  to  the  system 

• mineral  precipitation  due  to  the  mixing  of  the  potentially  incompatible 
supply  and  storage  formation  waters 

• mineral  precipitation  due  to  a chemical  incompatibility  between  the  sup- 
ply water  and  the  storage  aquifer  sediment  and/or  hydrothermal  alteration 
products . 

To  study  these  four  potential  categories,  several  computer  simulations 
were  conducted  as  listed  in  table  4. 


Data  Analysis  and  Conclusions 


For  each  computer  simulation,  the  following  equilibrium  data  were  tabu- 
lated: 1)  equilibrium  mineralogy,  2)  type  and  quantity  of  new  mineral  precipi- 

tates, 3)  fluid  temperature  and  pH,  and  4)  aqueous  species  concentrations.  It 
is  assumed  that  if  minerals  precipitate  to  any  significant  degree,  decreased 
formation  permeability  might  result. 

Increasing  the  working  fluid,  temperature  and/or  oxygen  content  (Eh)  appar- 
ently has  a negligible  effect  on  mineral  precipitation.  Hematite,  a ferric 
(iron)  oxide,  is  the  only  mineral  susceptible  to  precipitation.  However,  as 
shown  in  table  5,  the  quantity  in  moles  per  kilogram  of  water  is  rather  insig- 
nificant. In  addition,  mixing  the  supply  aquifer  water  and  the  storage  aquifer 
water  does  not  result  in  deleterious  mineral  precipitation;  therefore,  fluid- 
fluid  incompatibility  should  be  discounted  as  a contributing  factor  in  the 
observed  formation  plugging  at  the  Auburn  field  tests. 
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Alteration  of  the  storage  aquifer  mineralogy  was  also  investigated.  This 
scenario  involves  interacting  the  heated  supply  water  with  ambient  temperature 
groundwater  and  sediments  in  the  storage  aquifer.  Table  6 shows  the  ionic  con- 
centrations in  the  groundwater  and  equilibrium  mineralogy  predicted  by  EQUILIB 
for  four  different  injection  water  temperatures.  With  respect  to  the  min- 
eralogy at  55°C,  it  can  be  observed  that  EQUILIB  predicts  that  calcite,  musco- 
vite, and  kaolinite  all  react  to  some  extent  and  that  the  minerals  adularia 
and  calcium  montmorillonite  would  be  formed  as  products.  Similarly,  the  feld- 
spars mi  croc line  and  low-albite  apparently  react  and  zoisite  is  a predicted 
reaction  product.  As  the  injection  water  temperature  is  increased,  there  is  a 
net  decrease  in  the  amount  of  solid  material  within  any  volume  of  rock  equili- 
brated at  these  temperatures.  To  maintain  a mass  balance,  there  is  an  increase 
in  the  aqueous  species  concentration  of  the  fluid.  This  might  indicate  that 
as  the  temperature  decreases  with  increasing  distance  from  the  well,  precipi- 
tation may  occur.  If  the  fluid  is  saturated  with  respect  to  certain  mineral 
species  at  elevated  temperature  near  the  well,  transport  of  the  fluid  to  a 
lower  temperature  environment  could  result  in  precipitate  formation.  The  con- 
sequences of  such  precipitation  would  depend,  in  part,  on  the  quantity  and 
density  of  the  precipitate  and  the  interstitial  makeup  of  the  sedimentary 
matrix.  However,  kinetics  is  an  additional  factor  that  must  be  considered. 

Based  on  equilibrium  predictions,  it  might  be  argued  that  hydrothermal 
mineral  alteration  contributed  to  the  plugging  observed  at  the  Auburn  test 
site.  However,  the  computer  results  should  be  viewed  with  caution  and  consid- 
ered to  be  qualitative  only.  Because  of  thermodynamic  inconsistencies  in  the 
data  base  and  the  equilibrium  assumption,  results  predicted  by  complex  geo- 
chemical computer  codes  may  not  always  be  accurate.  The  assumption  that  the 
heated  supply  water,  the  storage  aquifer  water,  and  the  storage  aquifer  min- 
eralogy have  achieved  a stable  equilibrium  becomes  quite  restrictive  if  the 
temperature  under  consideration  is  as  low  as  55°C.  Reaction  rates  of  rock- 
forming minerals  with  aqueous  solutions  may  be  extremely  slow.  Hydrothermal 
reactions  probably  do  not  occur  rapidly  enough  to  account  for  the  plugging 
observed  in  the  first  48  hours  of  the  Auburn  experiment. 

It  is  concluded  that  with  the  possible  exception  of  clay  swelling  and 
dispersion,  fluid-rock  incompatibility  was  not  a contributing  factor  in  the 
formation  damage  in  the  Auburn  tests.  Furthermore,  heating  the  supply  water, 
introducing  oxygen,  and  mixing  the  supply  and  storage  formation  waters  appar- 
ently had  no  effect  on  precipitation  of  minerals  or  the  creation  of  alteration 
products  that  could  reasonably  explain  the  formation  damage.  Based  on  the 
limited  evidence,  it  is  assumed  that  water  sensitivity  (clay  swelling  and  dis- 
persion), particulate  plugging,  and  outgassing  of  dissolved  gasses  represent 
the  most  reasonable  explanations  for  the  loss  of  injectivity  in  this  specific 
case.  More  detailed  study  might  reveal  that  temperature-induced  capillary 
boundary  layer  viscosity  anomalies  or  microstructural  deformation  may  have  been 
contributing  factors.  Table  7 is  a summary  of  the  potential  formation  damage 
mechanisms  and  a qualitative  estimate  of  the  relative  likelihood  of  each  having 
occurred  at  the  Auburn  facilities. 
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TABLE  1.  GROUNDWATER  CHEMISTRIES  AS  SUPPLIED  BY  AUBURN  UNIVERSITY 


Supply  Aquifer  Storage  Aquifer 

(Unconfined  Aquifer)  (Confined  Aquifer) 

mg/& (mg/& 


Water  Type 

Sample  1 

Sample  2 

Sample  1 

Sample  2 

Na 

3.40 

0.60 

7.60 

11.10 

Ca 

0.33 

0.21 

0.05 

0.38 

Fe 

0.07 

0.07 

0.06 

0.05 

Si 

6.30 

9.10 

10.40 

9.70 

CaCO 

3.80 

3.80 

176.00 

176.00 

pH 

7.19 

7.19 

7.38 

7.38 

Temperature 

19.5°C 

19.5°C 

19.5°C 

19.5°C 

TABLE  2.  INITIAL  SAMPLE  MINERALOGY  BASED  ON  OPTICAL  PETROGRAPHY 
AND  X-RAY  DIFFRACTION 

Mineral Composition  Concentration  (Vol%) 


Calcite 

CaC03 

3.7 

Quartz 

Si02 

76.5 

Hematite 

Fe2°3 

2.5 

Muscovite 

KAl2(AlSi3)01Q(0H)2 

1.3 

Kaolinite 

Al4Si4°10(OH)8 

2.8 

Alkali  Feldspar 

(K,Na)AlSi30g 

8.3 

Plagioclase  Feldspar 

NaAlSi30g  - CaAl2Si20g 

4.5 

Montmoril Ionite 

(l/2Ca,Na,K)0  7(Al,Mg,Fe)4 

(Al,Si)gO20(OH)4  • nH20 

0.4 
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TABLE  3.  GRAIN  SIZE  DISTRIBUTION  FROM  SIEVE  ANALYSIS 


Size  Fraction  Height  Percent 


18  x 

35 

0.22 

35  x 

120 

86.39 

120  x 

200 

4.82 

200  x 

325 

4.18 

-325 

4.39 

Description 

Phi  Size 

Coarse  Sand 

0. 0-1.0 

Medium  Sand 
Fine  Sand 

1. 0-3.0 

Very  Fine  Sand 

3.0-3. 7 

Very  Fine  Sand 
Coarse  Silt 

3. 7-4.5 

Coarse  Silt 
and  Finer 

TABLE  4.  COMPUTER  TEST  CASES 

Input Oxygen  20  °C  55°C  100°C  150°C 

1)  Supply  Water  Alone  - - X X X 

2)  Supply  Hater  Alone  X X X X X 

3)  Storage  Water  Alone  - X X X X 

4)  Supply  Water  Plus  Storage 

Water  X X X X X 


5)  Supply  Water  Plus  Storage 

Water  Plus  Minerals  X - X X X 
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TABLE  5.  MINERALS  PRECIPITATED  DUE  TO  HEAT,  OXYGEN  AND/OR  FLUID-FLUID  INCOMPATIBILITY 
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150  7.71  -0.151  hematite  Fe203  0.560E-06 


TABLE  6.  WATER  AND  MINERAL  EQUILIBRIUM  CONCENTRATIONS  AT  VARIOUS  TEMPERATURES 
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O20(OH)4  . nH20  - - 0.280-02 

Total  2.00-02  1.710-02  1.65-02  1.41-02 


TABLE  7.  POTENTIAL  DAMAGE  MECHANISMS  FOR  THE  AUBURN  FIELD  TESTS 


Mechanism 


Qualitative 

Potential  Comments 


Temperature- Induced  Phenomena 

• Mineral  precipitation  Low 

• Out gas sing  Moderate 


• Increased  quartz-water  Unknown 

boundary  layer  viscosity 

• Micros true tural  deformation  Unknown 


Fluid-Fluid  and  Fluid-Rock 


Chemical  Incompatibility 

• Clay  swelling  and  High 

dispersion 

• Mineral  precipitation  Low 

(fluid  mixing) 

• Mineral  precipitation  Low 

(oxidation) 


Fluid-Rock  Physical  Incompatibility 
• Suspended  solids  Moderate 


• Existing  formation 


High 


Mathematical  modeling  potential 
for  dissolved  oxygen  in  the 
supply  aquifer 
Limited  available  data 

Limited  available  data 


Significant  montmorillonite, 
low  salinity  water  injection 

Mathematical  modeling 

Mathematical  modeling 


Potential  for  micron  and  sub- 
micron particles  in  the  supply 
aquifer  water 

Loose  clay  and  silt  particles 
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FIGURE  1.  SCHEMATIC  DIAGRAM  OF  THE  SECOND  MOBILE,  ALABAMA, 
FIELD  TEST  SYSTEM  (ref.  2) 


SWELLING  CLAY 


PARTICLE  PLUGGING 


FIGURE  2.  CONCEPTUALIZATION  OF  CLAY  SWELLING  AND  DISPERSION 
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DOE  INTERNATIONAL  ENERGY 


STORAGE  ACTIVITIES 


Through  an  Implementing  Agreement  coordinated  by  the  International  Energy 
Agency,  a program  of  Research  and  Development  on  Energy  Conservation  through 
Energy  Storage  was  activated  September  22,  1978.  The  Department  of  Energy 
participates  in  the  program  for  the  Government  of  the  United  States. 

Annex  I to  the  Implementing  Agreement  has  the  objective  of  undertaking 
preliminary  design  studies  of  a variety  of  large-scale,  low  temperature  thermal 
storage  systems.  A second  objective  is  to  carry  out  comparative  evaluations 
of  the  design  studies,  and  to  select  at  least  one  to  be  the  basis  of  a proposed, 
jointly  funded  demonstration  project. 

Annex  II  to  the  Implementing  Agreement  has  the  objective  of  obtaining 
operational  experience  in  the  construction  and  operation  of  a large-scale  in- 
sulated artificial  body  of  water  in’  which  waste  heat  is  stored  for  seasonal 
use. 


Participants  in  Annex  I and  Annex  II  are  as  follows: 


Country 

Annex  No. 

Name 

Organization 

Belgium 

I 

Joseph  Brych 

Faculte  Polytechnique  de  Mons 

Denmark 

I&II 

E.  Bjorn  Quale 

Laboratory  of  Energetics 
The  Technical  University 
of  Denmark 

EEC 

I 

Pieter  Zegers 

European  Community 
DG  XII  0.2 

Germany 

I&II 

Reinhard  Jank 

Kernforschungsanlage/PLE 

Netherlands 

II 

Ir.  W.J.  Heijnen 

Delft  Soil  Mechanics  Laboratory 

Sweden 

I&II 

Ingvar  o 
Anders son 

Board  for  Energy  (NE) 

Switzerland 

I 

Andrd  Burger 

Centre  d'Hydrog£ologie 

United  States 

I&II 

Dr.  George  F. 
Pezdirtz 

Division  of  Storage  Systems 
Department  of  Energy 
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INTRODUCTION 

This  is  the  first  issue  of  ATES  newsletter, 
which  is  intended  to  review  the  current  developments 
in  research  on  thermal  energy  storage  in  aquifers. 

We  hope  to  publish  bimonthly  summaries  of  the  work 
being  done  at  various  research  centers  throughout 
the  world,  including  a description  of  the  goals 
which  researchers  are  pursuing  and  the  present  sta- 
tus of  various  projects  in  the  areas  related  to 
underground  storage  of  thermal  energy.  Our  purpose 
is  not  to  catalog  technical  information  in  detail, 
but  rather  to  provide  concise  summaries  of  the  pro- 
gress of  current  projects. 

ABOUT  THIS  PUBLICATION 

This  newsletter  grew  out  of  the  Workshop  on 
Thermal  Energy  Storage  in  Aquifers  held  at  Lawrence 
Berkeley  Laboratory  (LBL)  in  May  of  this  year,  in 
which  all  projects  in  the  U.  S.  and  six  European 
countries  and  Japan  were  reviewed.  At  the  Workshop 
a need  was  expressed  for  the  continuing  exchange  of 
information  on  various  developments  in  the  field  of 
energy  storage  research.  After  discussions  between 
officials  of  the  U.  S.  Department  of  Energy,  Oak 
Ridge  National  Laboratory,  and  foreign  participants, 
it  was  suggested  that  LBL  bear  responsibility  for 
the  publication  of  a newsletter,  under  the  editor- 
ship of  Dr.  Chin-Fu  Tsang.  Of  course  it  is  vital 
to  the  publication  that  all  participating  institu- 
tions and  individuals  contribute  summaries  of  their 
current  plans  and  progress  and  advise  us  of  any 
significant  results  and/or  accomplishments.  In  this 
way,  all  will  benefit  from  a thorough  and  timely 
review  of  the  latest  work  in  the  field  of  thermal 
energy  storage. 

All  Newsletter  contributions,  ideas,  and  sug- 
gestions should  be  sent  to: 

Dr.  Chin-Fu  Tsang,  Editor 

ATES  Newsletter 

Building  90,  Room  1012H 

Lawrence  Berkeley  Laboratory 

Berkeley,  California  94720,  U.  S.  A. 

Telephone:  (415)  843-2740,  extension  5782 

ABOUT  THIS  ISSUE 

This  first  edition  contains  summaries  of  all 
projects  reported  at  the  Workshop  on  Thermal  Energy 
Storage  in  Aquifers  held  on  May  10-12 , 1978  at 
Lawrence  Berkeley  Laboratory.  Since  summaries  were 
written  by  LBL  staff,  any  errors  are  not  the  respon- 
sibility of  the  authors.  Please  let  us  know  of  any 
inaccuracies . 

For  each  project  summarized,  a contact  author 
is  noted,  together  with  his  affiliation,  so  that 
you  may  write  him  directly  for  further  information. 


CONFINED  AQUIFER  EXPERIMENT — HEAT  STORAGE 

Contact:  Fred  J.  Molz  or  James  C.  Warman,  Civil 

Engineering  Department,  Auburn  University,  Auburn, 
Alabama. 

The  objectives  of  an  experimental  program  at 
Auburn  University  included  the  actual  testing  of 
hot  water  storage  in  aquifers  and  the  provision  of 
data  for  calibration  of  mathematical  models  des- 
cribing the  transport  of  heat  in  groundwater.  The 
program  consisted  of  four  phases:  (1)  the  drilling 

of  an  exploratory  well  at  the  field  site;  (2)  con- 
struction of  the  central  injection  well  and  three 
observational  wells,  and  preliminary  pumping  tests; 
(3)  completion  of  the  observation  well  field,  per- 
formance of  final  pumping  tests,  and  the  measurement 
of  aquifer  thermal  properties;  and  (4)  a cycle  of 
warm  water  injection,  storage,  and  recovery. 

Considering  the  relatively  small  injection 
volume  and  a partially  penetrating  injection  well, 
the  authors  were  encouraged  with  an  observed  ther- 
mal recovery  factor  of  0.68.  The  researchers  con- 
cluded that  clogging  would  be  one  of  the  most  seri- 
ous problems  in  the  intermediate  to  long-term  opera- 
tion of  heat  storage  wells,  making  it  necessary  to 
use  heated  water  with  extremely  low  suspended  solids. 
To  minimize  the  possibility  of  chemical  or  mecha- 
nical clogging  of  an  injection  well,  they  suggest 
the  use  of  formation  water  as  an  influent  to  the 
heating  system. 

The  authors  caution  that,  if  a storage  aquifer 
contains  even  small  amounts  of  clay,  fluids  must  not 
be  injected  that  would  cause  the  clay  fraction  to 
swell.  The  pH  and  ion  contents  of  the  water  must  be 
compatible  with  the  particular  clay  mineral.  Expo- 
sure to  distilled  water  can  cause  some  clays  to 
swell.  It  is  also  important  that  the  injected  wa- 
ter not  precipitate  any  chemical  compounds  in  the 
storage  aquifer  or  onto  the  aquifer  matrix. 


MATHEMATICAL  MODELING  OF 
AQUIFER  THERMAL  ENERGY  STORAGE 

Contact:  Chin  Fu  Tsang,  Lawrence  Berkeley  Labora- 

tory, Berkeley,  California. 

The  goal  of  the  LBL  project  is  to  apply  numeri- 
cal models  and  other  techniques:  (1)  to  study  and 

understand  the  hydrodynamic,  thermal,  and  chemical 
behavior  of  an  aquifer  when  used  for  hot  or  chilled 
water  storage;  (2)  to  estimate  the  percentage  of 
stored  energy  that  can  later  be  recovered;  and  (3) 
to  suggest  optimal  arrangements  for  implementation. 
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We  use  a numerical  model  developed  at  LBL, 
called  "CCC,"  which  stands  for  "Conduction,  Convec- 
tion, and  Compaction."  It  is  based  on  the  so-called 
integrated-finite-difference  method.  The  model  com- 
putes heat  and  mass  flow  in  three-dimensional  water- 
saturated  porous  systems.  Concurrent  with  the  mass 
and  energy  flow,  the  vertical  deformation  of  the 
aquifer  system  is  simulated  using  the  one-dimen- 
sional consolidation  theory  of  Terzaghi.  Thus,  in 
the  same  calculations  we  can  simultaneously  include 
the  effects  of  temperature  on  rock  and  fluid  proper- 
ties (e.g.,  heat  capacity,  viscosity,  and  density); 
heat  convection  and  conduction  in  the  aquifer,  cap- 
rock,  and  bedrock;  effects  of  gravity;  as  well  as 
aquifer  inhomogeneity,  and  possible  compaction  and 
the  associated  land  subsidence  due  to  pressure  chan- 
ges during  the  injection-withdrawal  history. 

Different  hypothetical  cases  have  been  care- 
fully studied,  including:  (1)  storage  for  annual 

seasonal  cycles,  semiannual  seasonal  cycles,  and 
daily  cycles;  (2)  storage  at  different  temperatures; 
(3)  effects  of  full  or  partial  penetration  into  the 
aquifer;  (4)  effects  of  a clay  lens  in  the  aquifer; 
(5)  effects  of  aquifer  inhomogeneity;  (6)  chilled 
water  storage;  (7)  the  possibility  of  land  subsi- 
dence or  uplift;  (8)  effects  of  regional  flow;  and 
(9)  a two- we 11  production-injection  system. 

Based  on  our  numerical  modeling  studies,  the 
concept  of  aquifer  thermal  energy  storage  appears 
to  be  very  promising,  with  a high  estimated  recovery/ 
storage  ratio  ( > 80  % ) . Further  calculations  are 
being  performed,  and  the  modeling  of  a field  experi- 
ment has  also  been  planned. 


THERMAL  STORAGE  OF  COLD  WATER 
IN  GROUNDWATER  AQUIFERS 
FOR  COOLING  PURPOSES 

Contact:  Donald  L.  Reddell,  Department  of  Agricul- 

tural Engineering,  Texas  A & M University,  College 
Station,  Texas. 

The  objectives  of  a study  undertaken  at  Texas 
A & M University  are  to  design,  develop,  and  demon- 
strate a working  prototype  system  in  which  chilled 
water  will  be  stored  in  groundwater  aquifers,  to  be 
withdrawn  during  summer  months  for  use  in  air  condi- 
tioning. Also  addressing  the  question  of  how  much 
thermal  energy  can  be  recovered  from  an  aquifer, 
the  researchers  hope  to  demonstrate  the  economic. as. 
well  as  technical  feasibility  of  cold  water  storage 
in  aquifers. 

Specific  research  objectives  are  (a)  to  design, 
construct,  and  operate  a cooling  pond  to  chill  water 
from  70°  F to  less  than  50°  F,  and  to  evaluate  the 
operation  of  the  cooling  pond  when  coupled  with  an 
injection  well;  (b)  to  evaluate  in  detail  the  trans- 
missivity, storativity,  heat  transfer  coefficients, 
and  heat  storage  properties  of  a groundwater  aquifer 
located  near  the  University;  (c)  to  perform  a field 
test  in  which  cold  water  produced  by  the  cooling 
pond  is  injected  into  the  aquifer,  stored  for  several 


months,  and  then  pumped  out  of  the  aquifer  for  air 
conditioning  purposes;  and  (d)  to  monitor  the  result- 
ing water  movement  and  temperature  profiles  in  a sys- 
tem of  observation  wells,  use  the  results  to  verify 
available  numerical  models,  and  evaluate  the  concept 
of  cold  water  storage. 

Based  on  preliminary  heat  transfer  models  of 
the  system,  it  is  expected  that  native  groundwater 
and  rocks  will  be  cooled  to  the  injection  water  tem- 
perature within  three  to  five  injection  cycles, 
after  which  approximately  85  percent  of  the  injected 
water  can  be  recovered  at  temperatures  of  50°  F or 
less.  Because  this  initial  cooling  is  needed  to 
achieve  optimum  efficiency,  it  is  proposed  that  the 
study  be  conducted  for  three  years.  This  time  per- 
iod will  also  allow  for  some  statistical  variation 
of  weather  data  to  evaluate  the  overall  long-term 
efficiency  of  the  system. 


AIR  CONDITIONING  KENNEDY  AIRPORT  WITH  WINTER  COLD 

Contact:  Henry  I.  Hibshman,  Desert  Reclamation 

Industries,  Inc.,  Plainfield,  New  Jersey. 

A feasibility  study  is  currently  under  way  for 
a possible  conversion  of  the  air  conditioning  system 
of  the  J.  F.  Kennedy  International  Airport  (JFK), 

New  York  City,  from  a conventional  refrigeration 
machine  system  to  one  using  cold  water  stored  in  an 
aquifer  under  the  airport.  It  is  the  first  phase  of 
a four-phase  conversion  plan  that  includes  natural 
resources,  engineering,  and  economic  studies. 

Based  on  interpolated  data,  it  appears  that  the 
aquifer  under  the  airport  may  be  sufficient  for 
storing  all  the  chilled  water  needed  for  the  system. 
There  is,  however,  a large  degree  of  uncertainty  re- 
garding the  aquifer  parameters  that  would  determine 
the  number  of  wells  necessary  and  the  pumping  rates 
per  well.  A test  well  drilling  program  is  planned 
in  the  near  future  to  reduce  the  uncertainty. 

The  stored  water  would  be  chilled  by  either 
winter  air  or  near-freezing  Jamaica  Bay  water. 

Three  ways  of  capturing  the  cold  from  winter  air 
that  have  been  considered  are  cooling  towers,  dry 
coolers,  and  cooling  ponds.  Use  of  cooling  ponds 
has  been  rejected  because  of  space  limitations  and 
the  hazard  to  aircraft  by  attracted  birds  and  the 
creation  of  fog. 

JFK  is  surrounded  on  three  sides  by  Jamaica 
Bay  which  is,  in  effect,  a giant  cooling  pond  with 
the  complications  of  tidal  flows  and  a variety  of 
warm  inflows , but  with  the  advantage  of  a freezing 
point  depressed  to  28°  F by  salty  seawater.  Use  of 
either  bay  water  or  water  from  cooling  towers  would 
necessitate  a heat  exchanger  to  avoid  clogging. 
Preliminary  results  indicate  that,  for  total  con- 
version of  a site  such  as  JFK,  capture  of  cold  from 
a large  body  of  water  is  preferable  to  the  use  of 
cooling  towers.  However,  for  one-quarter  conversion 
of  this  site,  use  of  the  existing  cooling  towers  is 
preferable.  For  new  installations,  preliminary 
analysis  indicates  that  dry  coolers  may  be  prefer- 
able to  cooling  towers. 
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HIGH  TEMPERATURE  UNDERGROUND  THERMAL  ENERGY  STORAGE 

Contact:  R.  E..  Collins,  The  University  of  Houston, 

Hous  ton , Texas . 

The  University  of  Houston  and  Subsurface,  Inc. 
are  studying  deep  aquifer  storage  of  very  high  pres- 
sure hot  water  and  deep  cavern  storage  of  hot  oil, 
using  solution  caverns  in  massive  salt  deposits. 

On  the  basis  of  preliminary  studies,  cavern  storage 
appears  to  be  the  more  feasible  of  the  two  methods. 
Computer  simulators  are  currently  being  developed 
to  study  thermal  losses  and  pumping  requirements 
associated  with  deep  storage  in  caverns  and  aquifers. 
The  solution  and  transport  of  minerals  and  thermo- 
mechanical stresses  on  earth  and  well  components 
will  also  be  studied. 

Using  a working  fluid  of  high  temperature  and 
pressure,  it  has  been  shown  that  deep  underground 
storage  of  thermal  energy  can  be  achieved  with  rela- 
tively small  conduction  losses  for  cyclic  injection 
and  withdrawals,  provided  the  system  is  sufficiently 
large.  A mathematical  model  of  steam  injection  into 
a permeable  earth  stratum  containing  brine  has  been 
developed  to  evaluate  thermal  losses,  thermal  degra- 
dation of  retrieved  heat,  and  injection  and  retrie- 
val pumping  requirements  in  various  operational 
modes.  The  model  has  been  programmed  for  computer 
use  and  is  now  in  the  final  debugging  stage. 

A simple  mathematical  model  has  also  been  used 
to  study  the  operation  of  a cavity  heat  storage  sys- 
tem and  to  compute  the  temperature,  the  rate  of  heat 
loss,  and  the  pressure  as  functions  of  time.  For 
cyclic  injection  and  withdrawal  of  hot  oil,  the  loss 
ratio  was  found  to  fall  to  a reasonably  small  value 
after  just  a few  weeks. 


AQUIFER  STORAGE  PROJECTS  IN  SWEDEN 

Contact:  J.  Claesson  or  G.  Hellstrom,  Lund 

Institute  of  Technology,  Department  of  Mathematical 
Physics,  Lund,  Sweden. 

There  are  two  thermal  energy  projects  presently 
ongoing  in  Sweden.  One  investigates  the  possibility 
of  storing  hot  water  in  eskers  (long  and  narrow  gla- 
cial deposits  of  high  permeability)  and  the  other 
examines  the  theoretical  aspects  of  underground  heat 
storage,  including  the  development  of  computer 
programs. 

For  storage  in  eskers,  a computer  program  has 
been  developed  to  obtain  an  estimation  of  the  energy 
balance  utilizing  the  explicit  finite  difference 
method  to  solve  the  energy  equation.  A comparison 
was  made  between  two  pumping  strategies : waterf low 

always  in  the  positive  x-direction,  and  waterf low  in 
the  positive  x-direction  during  six  months  of  charg- 
ing and  in  the  opposite  direction  during  the  follow- 
ing six  months  of  extraction.  The  second  method  was 
found  best,  with  the  injected  water  heating  the  aqui- 
fer matrix  which  then  acts  as  a shield. 


A more  complex  case  was  then  studied  in  which 
thermal  velocity  was  proportional  to  the  actual 
need  for  or  supply  of  energy.  Energy  efficiency 
was  calculated  for  the  first  six  years  and  reached 
0.79  in  the  sixth  year.  The  authors  express  reser- 
vations about  the  validity  of  the  model  but  feel  it 
definitely  gives  an  upper  limit  to  the  energy 
efficiency. 

The  main  objective  of  the  underground  storage 
project  is  to  develop  computer  programs  for  heat 
and  flow  processes  in  energy  storage  systems.  Under 
investigation  is  heat  storage  in  groundwater  re- 
gions; storage  in  waterpipes  placed  underground; 
storage  by  freezing  in  soils;  and  coupling  with 
heat  pumps  and  solar  collectors. 


AQUIFER  STORAGE  EFFORTS  IN  GERMANY 

Contact:  Reinhard  Jank,  Projektleitung  Energiefor- 

schung  in  der  Kernforshungsanlage , Julich,  Germany. 

Since  1974,  the  German  government  has  supported 
three  major  studies  in  the  field  of  large-scale 
thermal  energy  storage.  In  October  1977  a meeting 
was  held  in  Stuttgart  to  review  ongoing  German  acti- 
vities in  the  fields  of  warm  water  storage,  aquifer 
heat  storage,  and  latent  heat  storage,  resulting  in 
the  publication  of  a 180-page  report. 

From  these  studies  it  was  concluded  that  large 
scale  energy  storage  is  feasible  but,  at  present, 
uneconomical.  For  seasonal  heat  storage,  aquifer 
storage  systems  were  found  slightly  preferable  to 
storage  by  hot  water  lakes,  and  both  were  found 
superior  to  latent  heat  storage.  It  is  expected 
that  these  conclusions  may  have  to  be  changed  due 
to  results  of  current  experiements. 

The  next  phase  in  the  German  program  now  has 
two  focuses:  lake  storage  projects  and  an  aquifer 

project.  One  lake  storage  project  has  already  begun 
in  Mannheim,  and  two  more  are  scheduled  to  begin 
later  in  the  year  at  Wolfsburg  and  Berlin. 

An  aquifer  project  was  slated  to  begin  in  sum- 
mer, 1978,  investigating  chemical  transport,  corro- 
sion, and  biology.  It  requires  construction  of  a 
small-scale  pilot  plant  for  testing  purposes  only. 

If  successful  the  project,  due  to  be  completed  at 
the  end  of  1979,  will  define  the  location  of  a full- 
scale  aquifer  storage  project  to  be  operated  within 
an  actual  district  heating  system. 

Research  plans  in  the  near  future  include  in- 
vestigations of  the  following : chemical  transport 

of  matter  using  typical  limestones  and  primitive 
rocks;  the  physical  properties  of  representative 
soil  material;  precise  chemical  analyses  of  soil 
water;  the  necessity  of  chemical  water  treatment; 
theoretical  descriptions  of  solubility  as  a function 
of  temperature  and  other  parameters;  the  corrosivity 
of  the  water  to  the  components  used;  and  the  biolo- 
gical processes  in  the  aquifer  and  its  surroundings. 
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UNDERGROUND  HEAT  STORAGE:  DIMENSIONS,  CHOICE  OF 

A GEOMETRY,  AND  EFFICIENCY 

Contact:  Bernard  Mathey,  Centre  d'Hydrogeologie  de 

l'Universite,  Neuchatel  7,  Switzerland. 

Different  methods  for  the  calculation  of  the 
thermal  efficiency  of  underground  heat  accumulators 
are  examined  using  the  overall  dimensions  and  geo- 
metrical configurations  as  variables. 

Parameters  which  must  be  considered  when  look- 
ing for  a storage  site  are  the  permeability  of  geo- 
logical formations  and  natural  groundwater  flow. 
These  criteria  are  probably  the  most  constraining 
factors  when  determining  the  advantages  or  disad- 
vantages of  underground  heat  accumulators. 

Three  choices  of  geometry  are  studied.  First 
considered  is  a box-shaped  accumulator  for  a family 
house  or  small  apartment  house  heated  by  solar 
energy.  The  thermal  balance  was  calculated  by  an 
approximate  solution  to  a set  of  equations  for 
energy  production  and  use#  taking  into  account  the 
volume  of  heat  stored  and  its  surface  area.  The 
second  choice  of  geometry  was  a sphere  whose  para- 
meters were  calculated  from  analytical  laws  in  a 
stationary  regimen  for  increasing  dimensions.  As  a 
third  choice,  the  accumulator  consists  of  a large- 
diameter  well  provided  with  two  horizontal  radial 
drainage  systems,  50  meters  one  above  the  other. 

The  choice  of  this  geometry  is  intended  to  limit 
loss  of  heat  through  natural  convection,  a pheno- 
menon which  causes  the  efficiency  of  the  storage  to 
decrease.  Efficiency  was  calculated  by  a numerical 
method. 

Further  study  is  needed  so  that  natural  con- 
vection can  be  introduced  into  already  existing 
models. 


HEAT  STORAGE  IN  A PHREATIC  AQUIFER : 

Campuget  Experiment 

Contact:  G.  de  Marsily  or  P.  Iris,  Ecole  Nationale 

Superieure  des  Mines  de  Paris,  Fontainbleau,  France 

The  first  experiment  in  France  with  heat 
storage  in  aquifers  was  performed  in  1976-1977. 

The  objectives  of  the  research  were  to  make  on-site 
measurements  of  thermal  parameters  and  to  experi- 
ment with  heat  storage.  Hot  water  was  injected  for 
twenty  days  and  withdrawn  after  four  months. 

Though  only  thirty  percent  of  the  heat  was  recovered, 
this  was  not  considered  surprising  because  of  the 
size  of  the  experiment. 

The  Campuget  experiment,  which  ran  from  1977- 
1978,  had  two  focuses:  realization  of  a full-scale 

interseasonal  storage  project  in  a phreatic  aquifer, 
including  study  of  its  evolution,  measurement  of 
the  efficiency  of  recovery,  and  numerical  simulation; 
and  utilization  of  the  stored  energy  in  existing 
greenhouses  and  in  space  heating. 


The  main  observation  was  a decrease  in  effi- 
ciency between  the  first  and  second  withdrawal 
periods.  The  decrease  was  attributed  to  an  accumu- 
lation of  rainfall  between  October  and  March,,  re- 
sulting in  a reduction  in  the  thickness  of  the  un- 
saturated zone.  The  authors  concluded  that  observed 
heat  losses  were  due  to  a preferential  circulation 
in  the  upper  part  of  the  aquifer  combined  with  a 
thermal  exchange  across  the  unsaturated  zone. 

Quantitative  interpretation  of  the  experiment 
by  mathematical  modeling  of  the  combined  flow  of 
heat  and  water  in  the  aquifer  is . currently  in  pro- 
gress using  a 3-D  finite  element  model  of  the  diffu- 
sion-convection equation.  Once  the  model  is  cali- 
brated on  the  observed  set  of  data,  it  is  expected 
to  provide  estimates  of:  heat  losses  through  the 

unsaturated  zone;  heat  losses  in  the  substratum; 
heat  losses  by  convective  transport  toward  the  pump- 
ing well;  and  heat  losses  by  unrecovered  heat  left 
inside  the  rock  mass.  Once  fully  developed,  the 
model  will  be  able  to  predict  the  efficiency  of 
storage  for  a series  of  years  of  operation,  for 
differing  amounts  of  heat  stored,  and  for  different 
configurations . 

The  two  major  problems  with  the  project  are 
(1)  the  heat  and  water  transfer  in  the  unsaturated 
zone,  both  of  which  are  moisture- content  dependent 
and  will  require  on-site  measurements  of  hydraulic 
and  thermal  conductivity  as  a function  of  satura- 
tion, and  (2)  the  influence  of  the  formation  hetero- 
geneities. 


THE  DANISH  SEASONAL  AQUIFER 
WARM- WATER-STORAGE  PROGRAM 

Contact:  E.  B.  Qvale,  Laboratory  for  Energetics, 

Technical  University  of  Denmark,  2800  Lyngby, 
Denmark. 

The  RIS0  National  Laboratory  is  managing  a 
four  and  a half  year  program  conducted  primarily  by 
the  Laboratory  for  Energetics  at  the  Technical  Uni- 
versity of  Denmark.  The  program  calls  for  the  de- 
velopment of  mathematical  models;  the  design,  con- 
struction, and  operation  of  a demonstration  plant; 
and  a general  nationwide  geological  and  hydrolo- 
gical survey. 

Work  to  develop  mathematical  models  has  been 
under  way  for  about  two  years  and  has  resulted  in 
one-  and  two-dimensional  models.  The  one-dimen- 
sional model  was  used  only  to  get  first-order  esti- 
mates of  storage  requirements  and  losses.  The  two- 
dimensional  model  gives  a rotationally  symmetrical 
approximation  to  the  reservoir.  The  condition  of 
rotational  symmetry  will  later  be  relaxed  to  expand 
the  model  into  the  desired  three-dimensional  form. 
Both  the  two-  and  three-dimensional  descriptions 
are  finite-element  models.  This  work  is  expected 
to  last  another  year  and  a half. 
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Geological  and  hydrological  investigations  will 
be  made  to  locate  a site  for  the  demonstration  plant. 
The  preliminary  objective  is  to  find  and  convert  a 
closed-down  water  supply  well  located  near  a dis- 
trict heating  main  into  the  demonstration  plant. 

The  design  and  construction  of  the  plant  is  expected 
to  run  over  18  months.  1 

Toward  the  end  of  the  program,  a general  geolo- 
gical and  hydrological  survey  will  be  carried  out  to 
identify  sites  that  are  both  suitable  for  aquifer 
storage  find  located  sufficiently  close  to  existing 
or  planned  district  heating  systems. 


SURVEY  OF  THERMAL  ENERGY  STORAGE  IN  AQUIFERS 
COUPLED  WITH  AGRICULTURAL  USE  OF  HEAT 
UNDER  SEMIARID  CONDITIONS 

Contact:  A.  Nir , Weizmann  Institute  of  Science, 

Rehovot,  Israel. 

Semiarid  zones  pose  difficulty  in  inland  loca- 
tion of  pcwer  stations  because  of  limited  water  re- 
sources for  direct  or  wet  tower  cooling.  A total 
energy  system  which  utilizes  the  heat  of  the  cooling 
cycle  needs  a year-round  user  of  low  heat,  which  is 
generally  unavailable  in  semiarid  zones.  The  only 
potential  use  is  for  winter  agriculture,  such  as 
greenhouses  and  soil  heating  in  open  areas  to  in- 
crease yields  of  present  crops  and  allow  introduc- 
tion of  new  ones.  The  short  period  of  heat  utiliza- 
tion makes  seasonal  storage  mandatory,  and  aquifer 
storage  provides  a possible  solution  if  located 
within  a reasonable  distance  to  a power  station  and 
agricultural  areas.  A preliminary  survey  of  this 
concept  has  been  undertaken  in  Southern  Israel.  The 
outcome  of  the  survey  is  expected  to  leai  to  a deci- 
sion whether  to  undertake  a detailed  feasibility 
study  for  a specific  area.  ' 

The  proposed  project  calls  for  the  power  sta- 
tion to  withdraw  cold  water  from  the  aquifer  and 
return  warm  water,  in  a closed  cycle,  to  a warm  re- 
gion of  the  aquifer.  During  the  cold  season  there 
would  be  an  additional  cycle  in  which  warm  water 
would  be  withdrawn  and  delivered  to  users. 

Topics  that  need  to  be  addressed  include  plant 
response  to  heat  input  in  surrounding  soil,  water, 
and  air;  modeling  of  aquifers;  heat  dissipation 


from  soil*.;  and  materials  and  configurations  ioi 
efficient  heat  transfer  from  water  to  soil.  Pilot 
operations  under  consideration  include  recharge  in 
specified  geological  formations;  aquifer  operation 
with  controlled  storage  and  recovery  of  heat;  con- 
trol of  greenhouse  and  uncovered  soil  temperature; 
and  a power  plant  condenser  operation  with  high 
temperature  rise  and  variable  water  quality. 


SEASONAL  REGENERATION  THROUGH  UNDERGROUND  STRATA 

Contact:  T.  Yokoyama,  University  of  Yamagata, 

Yonezawa,  Japan. 

In  Japan  field  experiments  and  numerical  anal- 
yses have  been  conducted  with  respect  to  thermal 
energy  storage  in  aquifers.  Particular  attention 
has  been  paid  to  the  spacing  of  wells  in  order  to 
avoid  thermal  and  chemical  pollution. 

The  test  site  consists  of  two  dual-purpose 
wells  and  one  observation  well.  In  summer,  cool- 
ing water  is  withdrawn;  after  direct  cooling,  waste 
water  is  sprinkled  on  the  roof  for  heat  collection 
by  convection  and  radiation.  After  passing  through 
a filtration  tower,  the  water  is  further  heated  by 
a heat  exchanger  and  then  recharged  through  a second 
well.  The  process  is  reversed  in  winter. 

Experiments  with  warm  water  recharging  were 
carried  out  from  July  16  to  September  18,  1977. 

Even  with  daily  discharging,  researchers  were  able 
to  maintain  a constant  water  level.  There  was  no 
evidence  of  clogging,  and  permeability  appeared  to 
remain  constant.  Between  September  19  and  December 
25,  there  was  no  recharging.  Warm  water  was  then 
withdrawn  and  used  to  melt  snow,  while  waste  cool 
water  was  recharged. 

The  heat  recovery  coefficient  was  nearly  40 
percent,  but  declined  when  recharged  cool  water 
reached  the  discharge  well.  There  was  good  agree- 
ment between  experimental  and  numerical  results;  and 
for  all  seasons,  the  quality  of  the  recharge  water 
remained  at  a near- natural  level. 

The  authors  concluded  that  when  natural  flow 
is  slow  compared  with  well  flow  rates,  horizontal 
and  vertical  thermal  diffusion  are.  not  significant, 
making  seasonal  regeneration  feasible.  Despite 
rough  assumptions  for  underground  strata,  numerical 
analyses  based  on  a complex  potential  function  was 
judged  sufficiently  accurate. 
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INTRODUCTION 

The  purpose  of  the  ATES  Newsletter  is  to  review 
current  events  in  the  development  of  thermal  ener- 
gy storage  in  aquifers.  We  hope  to  publish  bi- 
monthly summaries  of  work  being  done  throughout  the 
world • Our  purpose  is  not  to  catalog  technical 
information  in  detail,  but  rather  to  provide  concise 
reports  of  the  goals,  present  sta tus  and  maj or 
results  of  projects  related  to  underground  storage 
of  thermal  energy. 

The  first  issue  was  sent  to  130  individuals  and 
agencies  in  13  different  countries.  The  publication 
generated  considerable  response  which  we  hope  will 
lead  to  a vibrant  exchange  of  information  and 
ideas. 

The  continued  success  of  the  Newsletter  depends 
on  written  contributions  from  researchers  working 
in  this  field.  Please  keep  us  advised  of  research 
plans,  significant  results,  and  accomplishments. 
Contributions  for  the  next  issue  should  reach  us  by 
March  26,  1979.  All  contributions,  ideas,  and 
suggestions  should  be  sent  to: 

Dr.  Chin  Fu  Tsang , Editor 
ATES  Newsletter 
Earth  Sciences  Division 
Lawrence  Berkeley  Laboratory 
Berkeley,  California  94720  U.S. A. 

Telephone:  (415)  486-5782. 


PROCEEDINGS  FROM  THE  AQUIFER  WORKSHOP 

Proceedings  from  the  Workshop  on  Thermal  Energy 
Storage  in  Aquifers  held  May  10-12,  1978,  at  the 
Lawrence  Berkeley  Laboratory,  will  be  available  in 
late  February.  A copy  of  the  proceedings  will  be 
sent  to  all  workshop  participants.  Anyone  else  who 
would  like  to  obtain  a copy  should  write  to  Dr.  Chin 
Fu  Tsang  at  the  above  address* 
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A SUMMARY 

Contact:  David  M.  Eissenberg,  Oak  Ridge  National 

Laboratory,  Oak  Ridge,  Tennessee  37830* 

The  U.S.  aquifer  storage  program  is  managed  by 
the  Oak  Ridge  National  Laboratory  (ORNL)  for  the 
U.S.  Department  of  Energy  (DOE)  Division  of  Ther- 
mal Energy  Storage  Systems  (STOR).  This  research 


and  development  program  currently  involves  two 
field  experiments,  two  planned  large  scale  demon- 
strations, and  various  support  studies  including 
mathematical  modeling,  economic  analysis,  geochem- 
istry, aquifer  parameter  assessment  and  environmen- 
tal impact  analysis* 

Field  Experiments 

Auburn  University  successfully  completed  one 
storage  cycle  of  5.49  x 10^  cubic  meters  (14.5 
x 10^  gal.)  of  water  heated  to  55°C*  The  temp- 
erature of  the  discharged  water  dropped  from  55°C 
to  33°C,  equivalent  to  a heat  recovery  of  65X.  A 
second  injection  of  5.68  x 10^  cubic  meters  (15  x 
10^  gal.)  of  55°C  water  has  been  completed  and 
will  be  stored  for  two  months. 

Texas  A&M  completed  construction  and  testing 
of  a chilled  water  aquifer  storage  system.  Chilled 
water  will  be  stored  as  soon  as  winter  weather 
begins,  in  southern  Texas. 

Demonstration  Projects 

New  York  State  ERDA  (Energy  Research  and  Devel- 
opment Administration)  has  completed  a four-bore- 
hole geological  exploration  program  to  delineate 
the  lateral  limits  and  thickness  of  the  shallow 
confined  aquifer  under  JFK  Airport  in  New  York  City. 
The  results  of  this  program  are  currently  being 
reviewed. 

A subcontract  for  the  development  of  an  aquifer 
storage  prototype  doublet  at  Bellingham,  Washing- 
ton, is  being  negotiated.  This  prototype  doublet 
will  be  integrated  into  the  planned  Bellingham 
district  heating  system. 

Support  Research  and  Development 

Lawrence  Berkeley  Laboratory  ('LBL)  will  con- 
tinue to  mathematically  model  the  storage  of  ther- 
mal energy  in  aquifers.  They  have  completed  the 
modeling  of  thermal  energy  storage  by  means  of 
daily  cycle  injection  of  hot  water  in  a single  well 
aquifer  system.  LBL  is  also  analyzing  the  results 
of  the  first  thermal  storage  cycle  at  Auburn  Univer- 
sity. 

The  Energy  Division  of  ORNL  will  complete  a 
generic  environmental  impact  analysis  of  aqui- 
fer thermal  energy  storage  by  mid-1979. 

In  1979,  the  Engineering  Technology  Division, 
ORNL,  will  do  an  economic  analysis  of  aquifer 
storage  with  emphasis  on  chilled  water  storage  at 
JFK  Airport,  New  York. 

Bat'telle  Pacific  Northwest  Laboratories  will 
mathematically  model  the  effects  of  changes  of 
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geochemical  equilibrium  in  an  aquifer  due  to  ther- 
mal energy  storage. 

The  Tennessee  Valley  Authority  (TVA)  will  com- 
plete a survey  of  the  thermal  energy  storage  po- 
tential of  the  TVA  service  area  this  year.  TVA 
geohydrologists  are  doing  a generic  parametric 
study  of  aquifers.  The  objective  of  this  study 
is  to  determine  what  criteria,  if  any,  may  limit 
the  suitability  of  an  aquifer  for  thermal  energy 
storage . 


HIGH  TEMPERATURE  UNDERGROUND 
THERMAL  ENERGY  STORAGE 

Contact:  R.  Eugene  Collins,  The  University  of 
Houston,  Houston,  Texas  77004. 

The  University  of  Houston,  with  Subsurface 
Disposal  Corp.  and  Bovay  Engineers,  Inc.,  as  sub- 
contractors, is  in  the  second  year  of  a feasibil- 
ity study  of  storage  of  high  temperature  ( ^600°F) 
water  in  deep  aquifers  and  high  temperature  oil 
( ^600°F)  in  solution-mined  caverns  in  massive 
salt  deposits. 

A geological  feasibility  study  has  been  com- 
pleted showing  that  these  storage  methods  would 
be  possible  in  about  80%  of  the  continental  U.S.; 
only  areas  of  mountain  intrusions  and  the  west 
coast  of  the  continent  are  deemed  totally  unsuit- 
able . 

Studies,  using  computer  simulators,  have  shown 
that  diurnal  storage  of  heat  from  a large  scale 
central  focus  solar  collector  can  be  carried  out 
with  conduction  losses  declining  on  each  cycle 
to  a level  on  the  order  of  one  percent  of  cyclicly 
transferred  heat  in  one  year  of  operation.  Energy 
transfer  rates  of  50  to  500  megawatts  (thermal) 
are  readily  attainable  and  systems  of  several  days 
capacity  at  these  rates  are  possible.  The  major 
problem  foreseen  with  salt  cavern  storage  is  possi- 
ble deformation  of  the  cavern  due  to  "creep"  or 
plastic  flow.  Computer  simulator  studies  of  this 
problem  are  underway  and  creep  measurements  on 
salt  samples  at  high  temperatures  and  pressures 
are  planned  because  no  measurements  at  proposed 
temperatures  have  been  reported  in  the  literature. 

A solution  to  the  creep  problem  may  be  to 
fill  the  cavern  with  gravel  or  coarse  sand.  This 
would  also  reduce  oil  requirements  by  75%.  We  are 
now  debugging  computer  simulators  of  such  systems 
operating  in  a thermocline  mode  with  two  wells  into 
the  cavern,  one  hot  and  one  cold. 

Studies  to  date  indicate  that  aquifer  stor- 
age of  hot  water  at  temperatures  above  about 
300°F  will  not  be  feasible  because  of  downhole 
pumping  requirements  and  problems  with  silica 
dissolution  and  reprecipitation.  Therefore , we 
have  reduced  our  effort  in  this  study. 


Preliminary  studies  of  drilling  procedures,  well 
design  and  cavern  leaching  operations  are  nearing 
completion  and  some  cost  estimates  have  been  made. 
We  estimate  that  a 30  megawatt  (thermal)  cavern 
system  would  cost  about  $4.6  million. 


CONFINED  AQUIFER  EXPERIMENT  - HEAT  STORAGE 

Contact;  Fred  J.  Molz  or  A.  David  Parr,  Civil 
Engineering  Department,  Auburn  University,  Auburn, 
Alabama  36830. 

The  concept  of  using  confined  groundwater  aqui- 
fers for  the  temporary  storage  of  large  quantities 
of  hot  water  has  been  proposed  as  a feasible  choice 
for  total-energy  systems.  • The  Water  Resources 
Research  Institute  of  Auburn  University  is  perform- 
ing a series  of  field  experiments  wherein  this 
concept  is  being  tested.  To  date,  one  preliminary 
experiment  and  one  six-month  injection-storage- 
recovery  cycle  have  been  completed. 

The  preliminary  experiment  involved  the  in- 
jection and  recovery  of  about  7570  (2  million 
gallons)  of  water.  The  injection  water  was  ob- 
tained from  the  effluent  discharge  canal  of  a 
power  plant  and  had  an  average  temperature  of 
37°C  (98.6°F).  The  ambient  temperature  of  the 
formation  water  in  the  confined  storage  aquifer 
was  about  20°C  (68.0°F).  The  injection,  stor- 
age, and  recovery  periods  were  420,  1416,  and  2042 
hours,  respectively.  The  recovery  period  was 
terminated  when  the  water  temperature  reached  21°C 
(69.8°F).  About  67  percent  of  the  injected  energy 
was  recovered.  Clogging  of  the  soil  around  the 
injection  well  posed  a major  problem  during  the 
injection  period.  The  high  level  of  suspended 
solids  in  the  injection  water  was  judged  to  be  the 
primary  cause  of  the  clogging,  although  this  was 
aggravated  by  swelling  of  clays  in  the  storage 
formation • 

The  second  experiment  involved  the  injection 
and  recovery  of  about  54,900  m^  (14.5  million 
gallons)  of  water*  During  this  experiment,  the 
injection  water  was  obtained  from  the  formation 
water  of  an  unconfined  aquifer  at  the  experimen- 
tal site.  The  water  was  pumped  from  the  uncon- 
fined aquifer,  heated  to  a temperature  of  about 
55°C  (131°F)  and  injected  into  the  confined  storage 
aquifer.  The  injection,  storage,  and  recovery 
periods  were  1900,  1213,  and  987  hours,  respective- 
ly. The  recovery  period  was  terminated  when  the 
water  being  withdrawn  from  the  storage  aquifer  fell 
to  33°C  (91. 4°F)  which  was  13°C  (23.4°F)  above 
the  ambient  water  temperature  in  the  confined 
aquifer.  At  this  point,  about  65  percent  of  the 
injected  energy  was  recovered.  The  clogging  prob- 
lems that  plagued  the  preliminary  experiment  were 
significantly  reduced  during  the  second  experiment 
and  were  apparently  due  entirely  to  swelling  of 
formation  clays.  Periodic  backwashing  of  the  in- 
jection well  also  contributed  to  the  improvement. 
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A second  six-month  injection-storage-recovery 
cycle  is  presently  underway.  It  is  being  per- 
formed in  essentially  the  same  manner  as  the  first 
cycle.  The  injection  period  has  just  been  comple- 
ted, and  the  average  specific  capacity  of  the  in- 
jection well  was  significantly  better  than  in  the 
previous  experiment.  This  is  encouraging  since  it 
appears  that  the  degree  of  clogging  may  stabilize 
at  an  acceptable  level  when  water  low  in  suspended 
solids  is  used  for  injection. 


THERMAL  ENERGY  STORAGE  FOR  A LARGE 
DISTRICT  HEATING  SYSTEM 

Contact:  Charles  F.  Meyer,  General  Electric- 
TEMPO  Center  for  Advanced  Studies,  P. 0 . Drawer 
QQ,  Santa  Barbara,  California  93102 

The  objective  of  the  TEMPO  project  is  to  estimate 
the  value  of  annual-cycle  TES  if  it  were  incorpor- 
ated into  a proposed  hot-water  district  heating  (DH) 
system  for  the  Twin  Cities  urban  area  in  Minnesota. 

A major  series  of  studies  is  underway  to  evaluate 
the  feasibility  of  installing  a new,  large,  DH 
system  in  the  Minneapolis-St . Paul  metropolitan 
area.  It  would  be  based  upon  cogeneration  of  power 
and  heat  by  the  Northern  States  Power  Company. 
Among  the  leading  sponsors  and  participants  In  the 
studies  are  the  Minnesota  Energy  Agency,  Northern 
States  Power  Company,  and  DOE/ORNL.  Also  partici- 
pating are  several  other  governmental  agencies, 
utilities,  universities,  and  a number  of  contractors 
and  consultants. 

The  proposed  new  DH  system  would  not  send  out 
steam,  as  is  the  universal  practice  in  large  DH 
systems  in  the  United  States,  but  hot  water,  as 
is  the  common  practice  in  Europe.  A Swedish  firm, 
Studsvik  Energiteknik  AB,  under  DOE/ORNL  contract, 
is  preparing  the  general  description  of  the  proposed 
system  based  upon  their  experience  with  European 
systems . 

Supplying  space  heating,  tap  water,  air  con- 
ditioning (absorption  cycle),  and  low-tempera- 
ture industrial  process  heat  needs  from  a cen- 
tral source  is  a more  efficient  way  to  use  fuel 
than  to  burn  it  in  many  small  furnaces  and  boil- 
ers. A particularly  efficient  central  source 
is  a plant  cogenerating  power  and  heat.  The  sys- 
tem proposed  by  Studsvik  would  employ  coal-fired 
cogeneration  for  base  load  and  oil-fired  boilers  for 
peaking  and  standby.  DH  configurations  so  far 
proposed  have  not  included  TES  except  that  which  is 
incidental  to  use  of  large  hot-water  pipelines;  hot 
water  has  a high  energy  density  and  thermal  inertia. 

TEMPO'S  study  assumes  that  annual-cycle  (aqui- 
fer) TES  is  feasible.  The  economic  and  environ- 
mental benefits  are  being  evaluated  by  comparing 


the  capital  requirements  and  fuel  consumption  of 
a specific  cogenera tion/DH  system  which  does  not 
include  TES  to  those  of  a system  with  TES,  serv- 
ing identical  heat  loads.  This  will  provide  a 
measure  of  the  value  of  TES.  Annual-cycle  TES 
is  of  particular  interest  because  the  largest 
potential  market  for  district  heating  is  space 
heating . 

Very  preliminary  results  suggest  that  peaking 
and  standby  boilers  may  be  replaced  with  heat 
storage  wells,  and  cogeneration  capacity  reduced 
by  about  20  percent.  The  reduced  capital  re- 
quirements are  a measure  of  how  much  one  could 
afford  to  pay  for  TES. 


DAILY  HEAT  STORAGE  IN  AQUIFERS 
FOR  SOLAR  ENERGY  SYSTEMS 

Contact:  Chin  Fu  Tsang,  Earth  Sciences  Division, 

Lawrence  Berkeley  Laboratory,  Berkeley,  Califor- 
nia 94720. 

Recently,  much  interest  has  been  generated  by 
the  concept  of  long-term  seasonal  storage  of  hot 
water  in  aquifers.  However,  the  possibility  of 
daily  storage-retrieval  cycles  has  not  been  ex- 
plored In  much  detail.  Calculations  have  been 
made  to  evaluate  the  storage-recovery  ratio  for 
daily  hot  water  storage  in  an  aquifer. 

For  this  study  we  used  the  numerical  model  "CCC" 
(for  Conduction,  Convection  and  Compaction)  which 
was  developed  at  LBL  for  three-dimensional,  liquid 
saturated,  porous  systems.  Both  the  temperature 
dependence  of  fluid  properties  and  gravitational 
effects  are  taken  into  account.  Furthermore,  the 
model  "CCC"  is  coupled  with  another  computer  program 
which  was  developed  to  calculate  the  heat  conduction 
effects  at  the  wellbore  as  water  is  injected  or 
produced  from  the  aquifer.  The  coupled  model  is 
applied  to  a "typical"  aquifer  assuming  two  differ- 
ent hot  water  storage-retrieval  schemes: 

(1)  Twelve  hours  of  injection  into  the 
aquifer  followed  by  twelve  hours  of 
production ; 

(2)  Eight  hours  of  injection  in  the  day- 
time; followed  by  four  hours  of  pro- 
duction in  the  evening;  then  shut-in 
for  eight  hours  at  night;  and  finally, 
a second  four-hour  production  period 
in  the  early  morning. 

In  both  cases  the  aquifer  hydrodynamic  and  thermal 
behaviors  are  analyzed.  Preliminary  results  indi- 
cate recovery-storage  ratios  in  excess  of  75  per- 
cent. 
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THEORETICAL  ANALYSIS  AND  COMPUTER  SIMULATIONS 
OF  SOLID-FLUID  HEAT  STORAGE  SYSTEMS  IN  THE  GROUND 

Contacts  Johan  Claesson,  University  of  Lund,  Dept, 
of  Mathematical  Physics,  Box  725,  S-220  07  Lund, 

Sweden. 

Some  results  of  our  theoretical  studies  are 
presented  in  an  interim  report  which  contains 
15  papers  (240  pages).  This  report  nay  be  ob- 
tained from  the  author. 

Three  papers  concern  stationary  heat  losses 
from  storage  regions  of  the  ground.  Another  paper 
studies  analytically  the  buoyancy  tilting  of  a 
vertical  thermal  front.  An  entropy  analysis  of  the 
so-called  numerical  diffusion  is  presented.  A 
mathematical  analysis  and  a numerical  model  of  a 
plane,  two-hole,  extraction- injection  system  are  set 
out. 

Another  paper  deals  with  heat  storage  in  a 
cylindrical  aquifer  region  with  essentially  ver- 
tical water  flow.  The  dynamic  three-dimensional 
diffusion-convection  problem  in  and  outside  the 
aquifer  is  solved  numerically  under  the  simplifying 
assumption  that  the  water  flow  is  perfectly  linear. 
The  thermal  recovery  factor  for  the  first  five 
annual  cycles  has  been  computed  for  some  sixty 
cases,  when  different  parameters  are  varied.  These 
parameters  include  the  height  and  diameter  of  the 
aquifer  region,  the  loading  utilization  strategy, 
protective  insulations  at  the  surfaces  of  the 
aquifer,  and  thermal  properties  in  the  aquifer  and 
in  the  surrounding  ground. 


THE  EFFECT  OF  THERMAL  DISPERSION  ON 
INJECTION  OF  HOT  WATER  IN  AQUIFERS 

Contact:  Jean  P.  Sauty,  Bureau  de  Recherches 
Geologiques  et  Minieres,  B.P.  6009,  45  Orleans, 
France . 

Two  series  of  experiments  on  hot  water  injec- 
tion, storage  and  recovery  have  been  performed  in 
France  in  1976  and  1977*  Analysis  of  temperature 
profiles  in  the  aquifer  and  temperature  spot  mea- 
surement in  the  caprock  provided  detailed  knowledge 
of  the  thermal  behavior  of  the  reservoir.  The  1976 
data  were  used  to  calibrate  a numerical  model  that 
was  then  able  to  accurately  predict  the  results  of 
the  second  series  of  experiments  performed  in  1977. 

The  results  give  strong  evidence  of  the  exis- 
tence of  heat  dispersion  during  injection  and  re- 
covery operations  with  a resulting  apparent  ther- 
mal conductivity  in  the  aquifer  much  higher  than 
the  one  measured  usually  by  conventional  methods • 

This  phenomenon  is  important  for  predicting  the 
efficiency  of  heat  storage  or  low  temperature  geo- 
thermal projects  and  cannot  be  neglected. 


SEASONAL  THERMAL  STORAGE  IN  AQUIFERS  FOR 
AIR  CONDITIONING 

Contact:  Takao  Yokoyama,  Mechanical  Engineering, 

University  of  Yamagata,  Yonezawa  992,  Japan. 

In  our  experimental  field,  located  in  Yamagata 
Basin,  relatively  warm  water  (averaging  18.3°C) 
was  repumped  up  from  a heat  source  well  and  used 
for  melting  snow  between  January  and  March,  1978. 
Simultaneously,  about  10,000  m^  of  the  melted 
snow  water  (averaging  5.3°C)  was  injected  into 
another  heat  sink  well. 

Four  months  later,  in  summer,  1978,  we  got 
chilled  water  with  an  average  temperature  of  14°C 
from  the  heat  sink  well.  However,  the  reason  we 
failed  to  get  cooler  water,  about  10°C,  is  consi- 
dered to  be  due  to  a shortage  of  the  amount  of 
injected  water  in  winter  and  the  short  distance 
between  the  two  wells. 

Now  we  are  engaged  in  Injecting  cool  water 
sufficient  for  cooling  our  building  in  summer. 

In  addition  to  general  three  dimensional  analy- 
sis, we  consider  the  thermal-convection  phenomena 
within  wells  which  especially  occurs  in  high  temp- 
erature storage.  Furthermore,  we  have  estimated 
the  difference  for  thermal  energy  storage  and 
thermal  pollution  between  a practical  running, 
involving  daily  shut-in  periods,  and  equivalent 
continuous  running. 


AQUIFER  STORAGE  EFFORTS  IN  BELGIUM 

Contact:  Professor  Josef  Brych,  Faculte  Polytech- 

nique de  Mons,  rue  de  Houdain  9,  7000  Mon9,  Bel- 
gium . 

In  order  to  enhance  the  research  on  solutions 
to  energy  problems,  the  Belgian  government  star- 
ted a national  research  and  development  program 
on  energy  in  1975.  The  first  phase  ended  in  Au- 
gust, 1978. 

In  the  second  phase,  started  in  September,  1978, 
one  of  the  projects  is  an  interesting  research  on 
thermal  energy  storage,  being  a collaboration  of 
several  Belgian  universities  and  Institutions. 

The  aim  of  the  research  is  threefold:  first 

the  evaluation,  from  a technical  and  economical 
viewpoint,  of  the  different  methods  of  storage 
and  recuperation  of  thermal  energy  in  the  under- 
ground. Secondly,  the  preparation  of  the  tests 
with  the  most  promising  methods.  In  the  third 
place,  the  research  of  favorable  places  for  tests 
and  full  scale  implementation  of  such  systems  In 
combination  with  a thermal  map  of  Belgium. 

Up  to  now,  general  bibliographical  research  has 
been  done  on  warm  water  storage  systems  using  nat- 
ural and  artificial  places  above  and  under  ground 
level,  as  there  are:  old  stone-pits  filled  with 

water,  lakes,  old  mines,  aqueous  porous  stones, 
cavities  and  specially  dug  wells. 
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Concerning  the  last  category,  a Belgian  pro- 
ject was  accepted  by  the  Executive  Committee  of 
the  International  Energy  Agency,  at  the  meeting 
in  Lausanne  the  9th  and  10th  of  November,  1978. 
This  project  will  treat  the  study  and  construc- 
tion of  vertical  underground  reservoirs  using 
turbo-boring  at  large  diameters.  A semi-indust- 
rial model,  of  which  the  technical  and  economical 
study  has  already  started,  will  be  installed  and 
will  permit  us  to  study  the  different  parameters 
that  influence  the  efficiency  of  the  thermal  recu- 
peration in  such  reservoirs. 


RECENT  DEVELOPMENTS  IN  EVALUATION  OF 
THE  ATES  CONCEPT 

Contact:  Aharon  Nir,  The  Weizmann  Institute  f 
Science,  P.0.  Box  26,  Rehovot,  Israel. 

The  developments  discussed  below  are  a re-eval- 
uation of  previous  knowledge  through  informal  dis- 
cussion and  outside  contacts  created  as  a result 
of  the  1978  LBL  Workshop.  (See  A.  Nir,  "Survey  of 
Thermal  Energy  Storage  in  Aquifers  Coupled  with 
Agricultural  Use  of  Heat  Under  Semi-Arid  Condi- 
tions," ATES  Newsletter,  October,  1978.) 

(1)  There  is  a need  for  more  site  specific  models 
designed  for  actual  experimental  aquifers.  The 
model  should  then  serve,  in  the  first  place,  as 
a guide  to  experimental  design  by  simulating  oper- 
ations for  a range  of  uncertain  hydrogeological 
data,  parameter  values  and  experimental  conditions. 
The  experimental  results  should  be  used  critically 
for  model  validation. 

(2)  Since  several  reports  issued  last  year  confir- 
med the  constraints  on  sites  for'  power  plants  due 
to  cooling  water  shortages,  there  is  a stronger 
case  for  aquifers  as  elements  of  cooling  cycles. 
When  combined  with  heat  storage  and  economic  heat 
use,  it  is  the  only  alternative  with  a positive 
energy  balance  and  benign  environmental  effects. 

(3)  The  major  gap  of  knowledge  seems  to  be  in  the 
domain  of  optimal  heat  distribution  under  given 
experimental  conditions.  It  requires  simultan- 
eous consideration  of  several  novel  subjects:  the 
demand  of  heat  of  different  species  of  plants  and 
its  distribution  in  time  and  space  (soil  and  air); 
the  capacity  of  the  atmosphere  to  dissipate  soil 
heat  under  different  vegetative  and  artificial 
covers;  and  the  techniques  of  optimal  design  for 
supply  and  control  of  this  heat. 

(4)  Due  to  the  nature  of  the  many  uncertainties 
which  were  already  identified,  their  solution 
extending  far  into  the  future,  no  decision  can  be 


expected  at  this  stage  which  is  based  on  cost- 
benefit  analysis  of  the  whole  project.  Decision 
analysis  can,  however,  be  undertaken  which  would 
indicate  the  scope  and  sequence  of  partial  deci- 
sions, conditional  on  the  increasing  knowledge 
of  critical  components  and  of  external  conditions, 
such  as  demands  for  plant  sites,  agricultural 
markets  and  fuel  prices. 


THE  "SOIL  THERM"  SYSTEM  FOR  INTERSEASONAL  EARTH 
STORAGE  OF  SOLAR  HEAT  FOR  INDIVIDUAL  HOUSING 

Contact:  Georges  Vachaud  or  J.Y.  Ausseur,  Institut 

de  Mecanique  de  Grenoble,  Labors toire  Assoc ie  au 
C.N.R.S.,  Universite  Scientifique  et  Medlcale 
de  Grenoble,  B.P.  53  X - 38041,  Grenoble,  Cedex, 
France. 

A design  for  application  to  residential  in- 
terseasonal  solar  energy  storage  has  been  devel- 
oped. Solar  thermal  energy  is  stored  during  the 
summer  by  shallow  earth  storage.  Heat  exchangers 
are  realized  with  flat  panel  radiators  connected 
to  solar  collectors  and  installed  vertically,  to 
a depth  of  four  meters,  in  concentric  trenches  near 
the  house.  During  the  winter,  the  heat  exchangers 
are  interfaced  with  hot  water  household  heat  trans- 
fer. The  solar  collectors  are  furthermore  used  to 
preheat  the  fluid  when  it  reaches  a temperature 
lower  than  28°C.  Below  a temperature  of  20°C, 
an  external  source  of  energy  (gas)  is  needed. 

A numerical  study  has  been  made  of  the  effi- 
ciency of  the  system.  This  model  is  based  on  the 
simultaneous  solution  of  two  equations:  one  equa- 

tion giving  the  quantity  of  heat  produced  by  the 
collectors  as  a function  of  the  fluid  temperature, 
the  incoming  radiation  and  air  temperature;  and 
the  other  equation  predicting  the  fluid  tempera- 
ture as  a function  of  heat  transfer  in  the  exchan- 
gers in  the  soil,  using  a diffusion-convection 
heat  equation  (transient  and  axisymmetric) • 

Different  geometries  have  been  considered  with 
the  following  parameters:  surface  of  exchange, 

depth  of  exchangers,  number  of  concentric  tren- 
ches, and  influence  of  surface  and  lateral  ther- 
mal isolation.  It  is  shown  that  for  an  indivi- 
dual house,  the  external  source  of  energy  to  pro- 
vide and  maintain  an  Internal  temperature  of  20°C 
is  no  more  than  8 to  201  of  the  annual  need,  de- 
pending upon  the  geometry  of  the  system,  with  50 
m2  of  solar  collectors. 

A practical  experimentation  of  this  "SOIL  THERM" 
design  is  actually  being  pursued  for  a real  case. 
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INTRODUCTION 

The  purpose  of  the  ATES  Newsletter  is  to  re- 
view current  events  in  the  development  of  ther- 
mal energy  storage  in  aquifers*  Our  purpose  is 
not  to  catalog  technical  information  in  detail, 
but  rather  to  provide  concise  reports  of  the 
goals,  present  status  and  major  results  of  ATES 
projects  around  the  world*  Each  article  is  pre- 
ceded by  one  or  more  contact  persons  (with  their 
addresses) from  whom  more  details  may  be  obtained 
directly. 

The  previous  issues  were  sent  to  more  than 
140  individuals  and  agencies  in  14  different 
countries.  The  publication  generated  consider- 
able response  which  we  hope  will  lead  to  a vi- 
brant exchange  of  information  and  ideas. 

Because  of  the  length  of  time  required  for 
international  correspondence,  and  the  time  frame 
of  storage  projects  now  in  progress,  we  have  de- 
cided, after  consultation  with  the  U.  S.  Depart- 
ment of  Energy,  to  publish  the  newsletter  on  a 
quarterly  schedule  beginning  with  this  issue. 

In  the  present  issue,  we  included  an  article 
concerning  aquifer  thermal  energy  storage  ef- 
forts in  the  Peoples  Republic  of  China.  It  came 
as  a surprise  to  us  that  significant  industrial- 
scale  storage  projects  have  been  going  on  there 
for  over  ten  years,  mainly  in  chilled  water 
storage.  We  hope  to  have  more  information  about 
their  work  in  future  issues* 

Please  send  all  contributions,  ideas  and  sug- 
gestions to: 

Dr.  Qiin  Fu  Teang,  Editor 
ATES  Newsletter 
Earth  Sciences  Division 
Lawrence  Berkeley  laboratory 
Berkeley,  California  94720,  U.S. A. 

Telephone:  (415)  486-5782* 


CONFINED  AQUIFER  EXPERIMENT  - HEAT  STORAGE 

Contact:  Fred  J*  Molz  or  A*  David  Parr,  Civil 

Engineering  Department,  Auburn  University,  Auburn, 
Alabama  36830* 

Groundwater  aquifers  provide  one  of  the  most 
promising  alternatives  for  seasonal  -storage  of 
large  quantities  of  waste  heat.  The  Water  Re- 
sources Research  Institute  of  Auburn  University 
is  performing  a series  of  field  experiments  where- 
in this  concept  is  being  tested.  One  preliminary 
experiment  and  two  six-month  injection-storage-re- 
covery cycles  have  been  completed.  The  six-month 
experiments  will  be  discussed  herein. 

The  first  six-month  experiment  involved  the  in- 
jection and  recovery  of  about  55,000  m3  of  water. 
The  injection  water  was  pumped  from  an  unconfined 
aquifer,  heated  to  an  average  temperature  of 
55*  2°C,  and  injected  into  the  confined  storage 
aquifer  through  a partially  penetrating  well* 
The  ambient  water  temperature  of  the  supply  and 
storage  aquifers  was  20°C.  The  water  was  stored 
for  about  52.5  days  and  then  pumped  out  until  the 
temperature  of  the  recovered  water  fell  to  32.8°C. 
At  that  point,  64.6%  of  the  injected  energy  was 
recovered.  The  injection,  storage,  and  recovery 
periods  were  1900,  1213,  and  987  hours,  respec- 
tively. 

The  second  six-month  experiment  was  performed 
in  essentially  the  same  manner  as  the  first* 
Approximately  58,000  m3  of  water,  heated  to  an 
average  temperature  of  55.4°C,  was  injected  in- 
to the  confined  aquifer  and  stored  for  about  62*5 
days.  When  the  water  temperature  reached  32*8°C 
during  the  recovery  period  of  the  second  experi- 
ment, 73*8%  of  the  injected  energy  had  been 
recovered  at  a total  recovery  volune  of  about 
67,000  m3.  The  recovery  period  for  this  experi- 
ment continued  until  the  outflow  temperature 
reached  27.5°C  and  the  total  recovery  volume 
was  about  100,096  m3.  The  total  injection,  reco- 
very, and  storage  periods  were  1521,  1502,  and 
1993  hours,  respectively*  A detailed  analysis  of 
this  experiment  is  still  under  way* 
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The  clogging  problem  encountered  during  the 
injection  periods  of  both  of  the  experiments  was 
controlled  by  backwashing  the  injection  well. 
Thm  frequency  of  the  backwashing  operation  was 
increased  for  the  second  six-month  experiment  and 
improved  injection  performance  was  realized. 
Although  this  is  encouraging,  it  is  likely  that 
geochemical  clogging  problems  will  not  be  so 
easily  controlled  at  other  aquifer  sites.  Com- 
prehensive investigations  of  the  clogging  pheno- 
menon and  possible  methods  for  controlling  it  are 
in  order. 


MODELING  AUBURN  FIELD  EXPERIMENTS 


Contact:  Chin  Fu  Tseng,  Earth  Sciences  Division, 

Lawrence  Berkeley  laboratory,  Berkeley,  California 
94720 

Lawrence  Berkeley  Laboratory  is  currently  per- 
forming detailed  calculations  to  model  the  first 
phase  of  the  new  series  of  Auburn  University 
experiments  by  means  of  the  numerical  model  "CCC" 
that  was  developed  at  LBL. 

The  work  began  with  well  test  analysis  on  the 
Auburn  data  to  obtain  the  aquifer  characteristics. 
For  this  purpose  we  have  used  the  program  "ANALYZE" 
which  we  recently  developed  to  carry  out  multiple - 
well,  variable-flow  well  test  analysis.  Conven- 
tional type  curve  methods  usually  require  con- 
stant flow  or  a prescribed,  carefully-controlled 
variable  flow  rate  from  a single  well.  The  pre- 
sent method  allows  arbitrarily  varying  flow  rates 
from  a nvnnber  of  wells  and  thus  greatly  enhances 
our  capability  to  analyze  well  data.  We  have 
made  a long-term  well  test  analysis  including  not 
only  constant  flow  pumping  test  data,  but  also 
variable-flow  data  from  the  injection  period  of 
the  first  cycle.  We  were  able  to  determine  the 
aquifer  transmissivity,  storativity,  and  the  dis- 
tance and  direction  of  the  nearest  barrier. 

With  the  aquifer  characteristics  thus  obtained, 
preliminary  modeling  calculations  have  been  done. 
Parameter  studies  are  made  by  calculating  three 
cases:  (1)  vertical  permeability  same  as  horizon- 

tal permeability,  (2)  vertical  permeability  1/10 
of  the  horizontal  permeability,  and  (3)  vertical 
permeability  1/10  the  horizontal;  thermal  conduc- 
tivity twice  the  normal  value. 

The  vertical  permeability  value  is  unknown  ex- 
perimentally and  so  it  is  varied  to  explore  its 
effects*  A vertical  permeability  of  1/10  the 
horizontal  permeability  is  not  an  unreasonable 
assumption  in  many  field  cases.  The  arbitrary 
increase  in  thermal  conductivity  is  used  to 
simulate  effects  of  thermal  dispersion.  This 
approach  was  suggested  by  the  recent  work  of 
Sauty  at  BRGM,  France. 


In  each  of  the  three  cases,  simulation  was 
done  up  to  1900  hours,  covering  the  complete 
injection  period  of  the  first  cycle.  It  is  found 
that  results  of  case  (2)  are  similar  to  those  of 
case  ( 3 ) , indicating  the  insensitivity  of  results 
to  a change  in  thermal  conductivity  of  a factor 
of  two.  A larger  change  is  necessary  to  study 
its  effects.  Results  of  case  (1)  and  (2)  are 
quite  different  due  to  the  ease  of  buoyancy  flow 
when  the  vertical  permeability  is  larger.  After 
6ome  studies  we  decided  to  choose  case  (2)  as  the 
most  reasonable  when  compared  with  experimental 
information. 

In  general,  comparison  shows  a good  correspon- 
dence between  observed  and  calculated  results. 
The  effects  of  the  barrier  are  clearly  demonstra- 
ted. Currently,  the  storage  and  production  per- 
iods are  being  simulated.  When  this  is  finished 
the  calculated  recovery  factor  will  be  checked 
against  that  observed. 


TEXAS  A & M COLD  WATER  STORAGE  PROJECT 

Contact:  Donald  L.  Reddell,  Texas  A & M Univer- 
sity, Department  of  Agricultural  Engineering, 
College  Station,  Texas  77843. 

The  first  cold  water  injection  at  the  Texas 
A&M  project  was  initiated  on  January  4,  1979.  A 
total  of  3.57  million  gallons  of  48°F  water  was 
injected  in  January,  3.28  million  gallons  of 
48°F  water  was  injected  in  February,  and  1.40 
million  gallons  of  49°F  water  was  injected  in 
March.  For  the  season  a total  of  8.25  million 
gallons  was  injected  at  an  average  temperature 
of  48°F. 

A major  concern  with  this  project  had  been 
the  possibility  of  aquifer  plugging  because  the 
water  was  exposed  to  the  atmosphere  and  aeration 
during  the  chilling  process.  However,  prior  to 
injection,  the  water  went  through  a sand  filter 
and  all  traces  of  chemical  precipitates  and  for- 
eign material  were  removed.  No  evidence  of  aqui- 
fer plugging  has  occurred  up  to  the  present  time. 
The  aquifer  is  still  taking  water  at  the  rate  of 
10  to  12  gpn/ft,  which  was  the  original  capacity. 

The  cold  water  is  confined  in  a region  from  40 
to  55  feet  below  land  surface  out  to  a radius  of 
100  feet  from  the  injection  well.  A slight 
change  in  temperature  has  occurred  at  a radius  of 
150  feet.  The  change  in  temperature  with  respect 
to  time  is  extremely  slow  at  this  time. 

The  cold  water  will  be  stored  two  months 
(April  and  May)  and  then  a recovery  cycle  will  be 
initiated  in  June.  No  major  problems  have 
occurred  and  the  results  are  encouraging. 
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THERMAL  ENERGY  STORAGE  FOR  A LARGE  URBAN 
COGENERATION-DISTRICT  HEATING  SYSTEM 

Contact:  Charles  F.  Meyer,  General  Electric- 
TEMPO  Center  for  Advanced  Studies,  816  State  St., 
P.0.  Drawer  QQ,  Santa  Barbara,  California  93102 

A general  description  of  the  cogeneration- 
district  heating  system  proposed  for  the  Minne- 
apolis - St.  Paul  area  in  Minnesota  was  given  in 
the  ATES  Newsletter  for  January  1979.  TEMPO  is 
now  writing  its  final  report  on  a study  of  the 
potential  capital  cost  and  fuel  consumption  bene- 
fits if  TES  were  incorporated  into  the  system. 

The  results  indicate  that  all  boilers  could 
be  replaced  with  heat  storage  wells,  saving  fuel 
oil,  concomitant  air  pollution,  and  the  $66  mil- 
lion cost  of  the  boilers.  The  capacity  factor  of 
the  cogeneration  equipment  which  produces  all 
heat  for  the  system  when  there  are  no  boilers  is 
increased.  In  fact,  the  total  cogeneration  capa- 
city could  even  be  reduced  by  as  much  as  25%,  if 
back-pressure  turbines  are  installed  instead  of 
extraction  turbines;  this  is  feasible  when  large- 
scale  annual -cycle  storage  is  available  to  accept 
heat  when  production  exceeds  demand,  and  to  deli- 
ver heat  when  the  converse  is  true.  Net  energy 
savings  for  various  cases  studied  are  as  high  as 
30%. 


HEAT  STORAGE  IN  A PHREATIC  UNCONFINED  AQUIFER 

Camp uget  experiment:  interpretation  by  models  - 
development  of  the  research. 

Contact:  P.  Iris  and  G.  de  Marsily,  Ecole  des 
Mines  de  Paris,  Fontainebleau,  France. 

In  the  Campuget  experiment  (1977-1978)  we  rea- 
lized the  storage  of  20,000nr*  of  water  at  33.5°C, 
in  summer,  in  an  unconfined  phreatic  aquifer  at 
14°C  (water  table  2 m under  the  soil  surface) 
and  the  seasonal  recovery  of  the  heat  in  winter 
for  the  heating  of  greenhouses.  18.5%  of  the  en- 
ergy stored  was  recovered  between  November  1977 
and  March  1978,  at  a temperature  decreasing  from 
30°C  to  14°C. 

For  the  interpretation  we  used  a two-dimen- 
sional finite  element  model  (axisymmetric  multi- 
layer) which  was  well  fitted  to  the  observed  sets 
of  data  (thermal  logging  in  the  aquifer,  tempera- 
ture of  recovery ) • 

The  heat  losses  to  the  atmosphere,  due  to  .a 
preferential  circulation  in  the  upper  part  of 
the  aquifer  combined  with  thermal  exchange 
through  the  unsaturated  zone  (low  thickness, 
high  moisture  content) , represent  30%  of  the 
total  heat  stored  and  are  the  main  causes  for 
the  low  efficiency. 


In  summary,  it  appears  that  (l)  the  efficiency 
measured  in  the  Campuget  experiment  is  positive, 
considering  the  very  bad  experimental  conditions 
(in  the  future,  it  will  be  necessary  to  store  in 
a deeper  unconfined  aquifer);  and  (2)  that  the 
models  (heat  transfer  into  porous  media  with,  in 
particular,  the  effect  of  kinematic  dispersion) 
are  able  to  represent  reality  with  good  preci- 
sion. Some  parameters  need  to  be  measured  in 
situ  in  order  to  predict  the  efficiency  of  stor- 
age (thermal  conductivity  of  the  confining 
layers;  global  vertical  distribution  of  permea- 
bility in  order  to  solve  the  scale  effect  of  the 
equivalent  conductivity  of  the  aquifer,  etc.). 

Three  directions  have  been  assigned  to  our 
research: 

(1)  Define  a measurement  method  (in  situ) 
for  the  parameters  of  the  model  in  order 
to  predict  the  efficiency  of  storage  be- 
fore its  realization. 

(2)  Test  the  sensibility  of  the  storage 
to  the  parameters  (depth,  thickness,  local 
gradients,  thermal  parameters,  etc. ) in 
order  to  define  the  optimal  conditions  for 
a storage  site. 

(3)  Study  technically  and  economically 
the  surface  installations  for  a global 
system  of  space  heating  with  storage, 
solar  collectors,  and  heat  pumps  (helio- 
geothermal  heating) • 

The  final  aim  is  the  realization  of  another 
seasonal  storage  project  under  good  conditions 
and  its  implementation  into  a coherent  system  of 
space  heating. 


SEASONAL  THERMAL  STORAGE  IN  AQUIFERS 
FOR  AIR  CONDITIONING 

Contact:  T.  Yokoyama,  Department  of  Precision 

Engineering,  University  of  Yamagata,  Yonezawa 
992,  Japan. 

Another  test  well  has  been  drilled  on  the 
campus  of  Faculty  of  Engineering  at  the  Univer- 
sity of  Yamagata  with  the  cooperation  of  Japan 
Under groundwater  Co.,  Ltd.  We  shall  install 
piping  and  collectors  before  winter.  These  col- 
lectors are  not  used  for  heat  collection  at  high 
temperature  but  at  low  temperature.  After  six 
months  or  so,  the  stored  warm  water  will  be  used 
for  snow  melting. 

Storage  amount,  as  well  as  well  distance  and 
natural  underground  water  flow,  will  affect  the 
recovery  efficiency.  In  our  last  experiment  we 
achieved  only  a 30-40%  recovery  efficiency.  How- 
ever, we  have  estimated  that  recovery  efficiency 
can  be  increased  to  50-60%  if  well’  distance  is 
chosen  three  times  that  of  the  present  value, 
i.e.,  the  storage  amount  is  nine  times  that  of 
the  present. 
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ARTIFICIAL  RECHARGE  INTO  GROUNDWATER  SYSTEMS 


City  of  Shanghai  Hydrogeological  Team,  Peoples 
Republic  of  China. 

[This  is  a quick  translation  of  major  portions 
of  the  summary  chapter  of  a technical  publi- 
cation (July  1977)  of  the  Chinese  National  Geo- 
logy Department  at  Beijing,  Its  purpose  is  to 
provide  general  information  and  it  is  not  to  be 
taken  as  an  exact  translation  --  C.F.  Tsang, 
Editor. ] 

In  the  late  fifties,  in  the  city  of  Shanghai, 
widespread  use  of  groundwater  by  a number  of 
factories  led  to  subsidence  and  a significant 
drop  in  the  groundwater  level.  In  an  attempt  to 
remedy  these  problems,  several  factories  began 
experimenting  with  reinjection  of  cold  water 
from  air  conditioning  systems.  Experiments  over 
the  next  few  years  were  generally  successful  in 
restoring  groundwater  levels  and  increasing  out- 
put from  production  wells.  In  addition,  reinjec- 
tion and  well  construction  methods  were  conti- 
nually improved  through  experiments  with  differ- 
ent techniques,  volumes,  and  injection  periods. 

During  the  spring  and  summer  of  1965,  the 
Shanghai  Cotton  Mill  Factory  initiated  a large- 
scale  artificial  recharge  experiment  using  four 
different  water  sources:  deep  well  water,  indus- 
trial waste  water,  filtered  industrial  waste 
water,  and  tap  water.  Researchers  also  experi- 
mented with  continuous  versus  intermittent  with- 
drawal and  with  different  reinjection-shut-in 
cycles.  Temperature  changes  and  water  quality 
were  monitored  both  before  and  after  injection. 
These  experiments  indicated  that  there  was 
little  regional  water  flow  in  the  aquifer  and 
that  there  were  only  small  changes  in  the  tem- 
perature of  water  stored.  These  results  became 
the  basis  for  later  projects  which  used  winter 


injection  of  cold  water  for  summer  use  and 
summer  injection  of  hot  water  for  winter  use. 

During  the  same  period,  the  Shanghai  Hater 
Company  conducted  extensive  experiments  using  % 
variety  of  reinjection  methods  and  three  spe- 
cially designed  reinjection  wells,  95  m deep,  to 
study  changes  in  groundwater  level,  water  qual- 
ity and  temperature.  Their  experiments  yielded 
relatively  complete  quantitative  records  which 
confirmed  the  effectiveness  of  using  gravity 
recharge  and  underground  production  methods  to 
raise  groundwater  levels. 

Based  on  these  large-scale  experiments  and 
their  own  studies,  the  City  of  Shanghai  Hydrogeo- 
logical Group  concluded  that  reinjection  was 
able  to  effectively  control  subsidence  and  ground- 
water  levels  and  that  it  was  possible  to  store 
cold  water  in  winter  for  summer  use  in  air  con- 
ditioning. These  conclusions  led  to  a city-wide 
reinjection  program  in  which  70  factories  used 
134  deep  wells  for  simultaneous  recharge.  As  a 
result,  the  water  level  increased  by  more  than 
10  m. 

Groundwater  produced  during  summer  had  a very 
low  temperature  and  thus  became  a new  source  of 
chilled  water  for  industrial  use.  At  the  conclu- 
sion of  summer  pumping  there  was  a net  average 
increase  in  the  land  level  of  six  centimeters; 
the  first  time  in  several  decades  of  continuous 
subsidence  that  any  surface  uplift  had  been 
observed. 

The  program  grew  in  subsequent  years  so  that 
there  are  now  several  hundreds  of  wells  in  use. 
Production  and  injection  methods  have  been  great- 
ly improved  and  the  program  has  been  expanded  to 
include  summer  injection  of  hot  water  for  use  in 
winter.  Because  of  the  success  at  Shanghai, 
several  industrial  cities  and  large  villages 
have  adopted  similar  reinjection  and  thermal 
energy  storage  programs. 
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INTRODUCTION 

The  purpose  of  the  quarterly  ATES  Newsletter 
Is  to  review  current  events  in  the  development 
of  thermal  energy  storage  in  aquifers.  Our  in- 
tent is  to  present  concise  reports  of  the  goals, 
present  status,  and  major  results  of  ATES  pro- 
jects around  the  world.  Each  article  is  pre- 
ceded by  one  or  two  contact  persons  and  their  ad- 
dresses, from  whom  more  details  may  be  directly 
obtained. 

Previous  issues  of  the  Newsletter  have  been 
sent  to  more  than  178  individuals  and  agencies 
in  16  different  countries.  We  hope  that  the 
considerable  response  generated  by  this  publi- 
cation will  lead  to  a vibrant  exchange  of  infor- 
mation and  ideas. 

Hie  continued  success  of  this  Newsletter  de- 
pends upon  written  contributions  from  researchers 
working  in  this  field.  Please  keep  us  informed 
of  research  plans,  significant  results,  and 
accomplishments.  Contributions  for  the  next 
issue  should  reach  us  by  December  3,  1979.  All 
contributions,  ideas,  and  suggestions  should  be 
sent  to: 

Dr.  Chin  Fu  Tsang,  Editor 
ATES  Newsletter 
Earth  Sciences  Division 
Lawrence  Berkeley  Laboratory 
Berkeley,  California  94720,  U.S. A. 

Telephone:  (415)  486-5782. 


ATES  REFERENCES  LIST  UPDATE 

Hie  reference  list  of  articles  concerning 
hot  and  cold  water  storage  in  aquifers  first 
prepared  in  May,  1978  by  Lawrence  Berkeley  Lab- 
oratory has  recently  been  updated.  Over  50  new 
titles  have  been  added.  Those  interested  in 
obtaining  a copy  should  write  to  Dr.  Chin  Fu 
Tsang  at  the  above  address.  We  will  also  grate- 
fully receive  any  information  concerning  errors 
and  omissions,  as  well  as  suggestions  for  im- 
proving the  listing. 


SEASONAL  THERMAL  ENERGY  STORAGE:  STES 

Contact:  J.  E.  Minor,  Pacific  Northwest  Labora- 

tory, Richland,  Washington,  99352. 

The  U.S.  Seasonal  Thermal  Energy  Storage  Pro- 
gram is  managed  by  the  Pacific  Northwest  Labor- 
atory ( PNL)  for  the  U.S.  Department  of  Energy 
(DOE),  Division  of  Thermal  Energy  Storage  Sys- 
tems (STOR).  This  program  is  to  demonstrate 
the  economic  storage  and  retrieval  of  energy  on 
a seasonal  basis,  using  heat  or  cold  available 
during  a surplus  period.  Aquifers,  ponds,  earth 
and  lakes  are  typical  media  to  be  evaluated  for 
seasonal  storage.  The  program  is  now  organized 
to  conduct  a demonstration  of  Aquifer  Thermal 
Energy  Storage  (ATES)  and  to  provide  technical 
support  for  the  ATES  demonstrations  and  assess- 
ments of  the  non-aquifer  STES  concepts. 

Aquifer  Thermal  Energy  Storage 

Demonscration  Program 

A Request  for  Proposals  for  the  first  phase 
of  the  Aquifer  Thermal  Energy  Storage  Demonstra- 
tion Program  is  being  mailed  to  interested  or- 
ganizations. This  phase  involves  the  conceptual 
design  of  an  integrated  aquifer  storage  system 
involving  an  energy  source,  a user  application, 
an  energy  transport  system,  and  an  aquifer  for 
off-season  storage.  The  conceptual  designs 
will  take  18  to  24  months,  since  an  important 
part  of  the  work  will  be  aquifer  characteriza- 
tion. Four  technological  areas  are  being 
considered: 

( 1 ) high-temperature  heat  storage  ( above 
100«C) , 

(2)  low -temperature  heat  storage  (below 
100#C), 

(3)  chill  storage, 

(4)  combined  heat  and  chill  storage. 

Up  to  ten  conceptual  designs  will  be  funded 
and  from  these,  those  showing  the  most  promise 
for  commercially  attractive  demonstrations  will 
be  selected  for  final  design,  construction,  and 
operation.  While  the  conceptual  designs  are 
being  funded  on  a cost-reimbursement  basis,  the 
final  design,  construction  and  operation  will 
be  a cost-sharing  operation  between  the  user 
organization  and  the  government. 
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Hiia  program  should  provide,  in  late  1985, 
several  demonstrations  throughout  the  country 
wherein  energy, ‘either  as  a by-product  of  an 
existing  operation  or  a product  of  some  innova- 
tive process,  is  being  produced  and  stored  in 
off-season  and  used  when  it  is  needed.  The 
most  obvious  application  appears  tO\  be  for  use 
in  district  heating  and/or  cooling,  but  other 
possible  uses  may  well  present  themselves. 


Technical  Support  Program 

This  program  is  designed  to  provide  techni- 
cal support  to  the  Seasonal  Thermal  Energy  Stor- 
age Program.  The  initial  activities  of  this 
task  are  primarily  directed  toward  support  of 
the  Aquifer  Thermal  Energy  Storage  Demonstra- 
tion Program.  These  activities  will  include 
social,  economic,  and  environmental  assessment, 
technical  research,  and  development  studies  to 
provide  a sound  technical  base  for  the  demon- 
stration projects.  The  long-range  task  goals 
include  investigation  and  evaluation  of  other 
seasonal  thermal  energy  storage  concepts  which 
may  be  considered  for  future  emphasis.  These 
systems  in  combination  with  aquifer  storage  as 
a hybrid  system  may  ultimately  prove  to  be  the 
most  economical  system. 


CONFINED  AQUIFER  EXPERIMENT  HEAT  STORAGE 

Contact:  Fred  J.  Molz  or  A.  David  Parr,  Civil 

Engineering  Department,  Auburn  University, 
Auburn,  Alabama  36830. 

in  September  of  1978,  the  second  six  month 
injection-storage-recovery  cycle  of  the  Auburn 
University  Aquifer  Thermal  Energy  Storage  Pro- 
ject began.  Just  as  in  the  first  cycle,  water 
from  an  upper  supply  aquifer  was  heated  to  an 
average  temperature  of  55#C  with  an  oil  fired 
boiler  and  then  injected  into  a lower  storage 
aquifer.  Injection  and  recovery  temperatures, 
flow  rates,  temperatures  at  six  depths  in  ten 
observation  wells,  and  hydraulic  heads  in  seven 
wells  were  recorded  twice  daily.  The  second 
cycle  experiment  was  unique  because  the  aquifer 
was  still  "warm"  when  injection  of  hot  water 
began.  Two  weeks  earlier,  hot  water  recovery 
from  the  first  cycle  had  been  concluded  at  a 
production  temperature  of  33*C  (13#C  above  am- 
bient)# with  65%  of  the  injected  thermal  energy 
recovered. 

Second  cycle  injection  of  hot  water  began  on 
September  23  and  continued  until  November  25. 

At  that  time  58,010  m3  of  water  had  been 
pimped  into  the  storage  aquifer.  The  major  pro- 
blem experienced  during  the  first  cycle  was  a 


clogging  injection  well,  which  was  remedied  con- 
siderably by  weekly  "backwashing".  This  prac- 
tice consisted  of  pumping  approximately  2 m3 
of  water  from  the  storage  formation  and  then 
injecting  an  equal  amount  of  hot  water.  An  im- 
mediate increase  in  the  specific  capacity  and 
consequently  the  injection  rate  resulted  when 
this  procedure  was  repeated  two  or  three  times. 
After  backwashing,  the  flow  rate  would  then  di- 
minish at  a fairly  uniform  rate.  When  it  had 
dropped  20%  (usually  one  week)  the  backwashing 
process  would  be  repeated.  This  was  done  eight 
times  during  the  injection  phase  and  resulted 
in  an  increase  of  the  average  injection  rate  by 
24%  compared  to  the  previous  cycle. 

A 63-day  storage  period  ended  on  January  27, 
1979  and  production  of  hot  water  began  with  an 
initial  water  temperature  of  54° C.  By  March  23 
this  temperature  had  dropped  to  . 33°C,  with 
66,400  m3  of  water  and  74%  of  the  injected 
thermal  energy  recovered.  This  illustrates 
well  the  gain  in  thermal  energy  recovery  with 
repeated  injection- storage-recovery  cycles. 
Production  of  hot  water  continued  until  April 
20,  at  which  time  100,100  m3  of  water  and  89% 
of  the  injected  thermal  energy  were  recovered. 
The  final  production  temperature  was  27.5°C. 

Another  unique  aspect  of  the  second  cycle 
was  the  measurement  of  land  subsidence  and 
rebound.  From  a station  located  30  meters  from 
the  injection  well,  relative  surface  elevations 
of  a p>oint  near  the  injection  well  and  two 
pxoints  beyond  the  thermal  front  were  measured 
to  an  accuracy  approaching  0.1  mm.  It  was 
found  that  the  surface  elevation  near  the  in- 
jection well  rose  4 mm  during  injection,  fell 
slowly  during  storage,  and  dropped  more  rapidly 
toward  its  original  elevation  during  production. 
This  movement  appeared  to  be  due  to  thermal  ex- 
pansion and  contraction  rather  than  to  pressure 
effects. 

Water  samples  were  taken  on  a weekly  basis 
throughout  the  production  phase.  One  interest- 
ing finding  was  that  approximately  3500  kg  of 
clay  were  pisnped  from  the  formation.  This 
lends  more  weight  to  the  theory  that  clay  dis- 
persion was  causing  the  clogging  problem  in  the 
injection  well. 


MODELING  AUBURN  ATES  FIELD  EXPERIMENTS 

Contact:  Chin  Fu  Tsang,  Lawrence  Berkeley  Lab- 
oratory, Berkeley,  California  94720. 

Lawrence  Berkeley  Laboratory  is  continuing 
simulation  of  the  Auburn  University  field  ex- 
periments done  in  1978  and  1979.  Two  injection- 
storage-recovery  cycles  have  been  modeled.  Pre- 
liminary results,  which  are  very  encouraging, 
are  reported  here,  while  further  analysis  con- 
tinues. 
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The  parameters  used  in  the  numerical  simula- 
tion were  determined  from  well  test  analysis , 
laboratory  measurements#  and  a preliminary  par- 
ameter variation  study  ( described  in  ATES  News- 
letter, Vol  1#  no.  3).  With  the  aquifer  charac- 
teristics thus  obtained,  a series  of  simulations 
were  made,  given  the  varying  injection  flow 
rates  and  temperatures,  and  the  subsequent  rest 
and  production  flow  rates.  Results  of  the  sim- 
ulation include  the  recovery  factor  and  plots 
of  production  temperature  versus  time,  as  well 
as  temperature  contour  plots  and  temperature 
profiles  taken  at  various  times  during  the  sim- 
ulations. 

For  the  first  cycle,  the  simulated  recovery 
factor  of  0.66  agrees  well  with  the  observed 
value  of  0.65.  For  the  second  cycle  the  simu- 
lated value  is  0.76,  and  the  observed  value  is 
0.74.  Details  of  the  comparison  between  simu- 
lated and  observed  energy  recovery  can  be  stud- 
ied in  production  temperature  versus  time  plots. 
For  both  cycles,  the  initial  simulated  and  ob- 
served temperatures  agree  (55*C).  During  the 
early  part  of  the  production  period,  the  obser- 
ved temperature  decreases  slightly  faster  than 
the  simulated  temper a tur e • During  the  latter 
part,  the  simulated  temperature  decreases  faster 
than  the  observed  temperature  so  that  by  the 
end  of  the  production  period  the  simulated  and 
observed  temperatures  again  agree  (33°C).  The 
discrepancy  over  the  whole  range  is  at  most  1 
to  2 degrees. 

Temperature  contour  maps  of  vertical  cross- 
sections  of  the  aquifer  at  given  times  show  the 
details  of  buoyancy  flow,  heat  loss  through  the 
upper  and  lower  confining  layers,  and  the  rad- 
ial extent  of  the  hot  water  in  the  aquifer. 
Buoyancy  flow  is  important  in  this  rather  perm- 
eable system.  Comparisons  with  temperatures 
recorded  in  observation  wells  throughout  the 
aquifer  show  that  the  simulated  temperature  dis- 
tribution generally  agrees  with  observed  temper- 
atures. The  discrepancies  are  much  larger  than 
the  differences  between  calculated  and  observed 
production  temperatures  during  the  recovery  per- 
iod. Apparently  there  are  local  variations  in 
the  aquifer  which  tend  to  average  out.  Temper- 
atures versus  radial  distance  at  given  depths 
and  times  are  also  plotted,  and  from  these  pro- 
files, the  effects  of  thermal  conductivity  and 
dispersion  on  the  shape  of  the  thermal  front 
can  be  studied. 

In  order  to  prove  the  mesh- independence  of 
these  results,  the  first  cycle  is  being  modeled 
again,  using  first  a coarser  mesh  and  a then  a 
finer  mesh.  The  coarse  mesh  recovery  factor  is 
0.65,  to  be  compared  with  a value  of  0.66  using 
our  first  mesh.  The  fine  mesh  simulation  is 
now  in  progress.  Comparison  of  the  temperature 
contours  show  thermal  front  spreading  decreases 
slightly  with  increasing  mesh  fineness.  Inter- 
estingly, the  coarse  mesh  simulation  yields  a 


recovery  factor  closer  to  the  observed  value 
them  does  the  original  simulation,  so  the  in- 
creased nunerical  dispersion  may  be  more  close- 
ly simulating  modeling  thermal  dispersion  due 
to  local  heterogeneities  in  the  aquifer. 

Continuing  work  includes  further  parameter 
and  generic  studies.  In  particular,  calcula- 
tions are  being  made  to  determine  the  sensiti- 
vity of  our  results  on  each  of  the  major  param- 
eters. 


POTENTIAL  BENEFITS  OF  THERMAL  ENERGY  STORAGE 
IN  THE  PROPOSED  TWIN  CITIES  DISTRICT  HEATING 
COGENERATION  SYSTEM 

Contact:  Charles  F.  Meyer,  GE-TIMPO,  816  State 

Street,  P.O.  Drawer  QQ,  Santa  Barbara,  Califor- 
nia 93102. 

Under  contract  to  the  U.S.  Department  of 
Energy  via  Oak  Ridge  National  Laboratory, 

General  Electric-TEMPO  has  completed  a study  of 
Thermal  Energy  Storage  (TES)  for  a large  urban 
cogeneration-district  heating  system  in  Minne- 
sota. A final  report  has  been  written,  whose 
title  is  given  in  the  above  heading.  Currently 
identified  as  ORNL/SUB-7604-2,  GE79TMP-44,  it 
will  appear  later  as  a Department  of  Energy  re- 
port. The  abstract  is  given  below.  (Contact 
Dr.  David  M.  Eissenberg,  Building  9204-1,  Oak 
Ridge  National  Laboratory,  P.O.  Box  Y,  Oak  Ridge, 
Tennessee,  37830,  regarding  availability  of 
copies . ) 

A new,  large,  cogeneration-district  heating 
system  has  been  proposed  for  the  Twin  Cities 
area,  using  hot  water  in  a closed-loop  system. 

The  proposed  system,  as  described  by  Studsvik 
Energiteknik  AB  of  Sweden,  does  not  employ  ther- 
mal energy  storage  (TES).  Four  cases  have  been 
developed,  describing  system  configurations 
which  would  employ  TES,  to  evaluate  the  poten- 
tial benefits  of  incorporating  annual-cycle  TES 
into  the  Twin  Cities  system.  The  potential  ben- 
efits are  found  to  be  substantial,  confirming 
results  of  earlier,  generic  studies  of  aquifer 
TES. 

The  reference  (Studsvik)  system  employs  oil- 
fired  boilers  to  supplement  cogenerated  heat 
for  handling  peak  loads  and  providing  standby 
reserve.  TES  can  serve  the  same  function,  with 
net  energy  savings  in  spite  of  heat  loss  during 
storage,  by  making  it  possible  to  operate  the 
cogeneration  equipment  at  higher  capacity  fac- 
tors. Coal  replaces  oil  as  the  fuel  consumed. 
Energy  savings  of  the  reference  system  are  im- 
pressive; energy  savings  with  TES  are  2%  to  22% 
greater.  Capital  cost  requirements  for  boilers, 
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cogeneration  equipment,  and  pipelines  are  re- 
duced by  $66  to  $258  million.  The  breakeven  cap- 
ital cost  of  TES  is  estimated  to  range  from  $43 
to  $76  per  kilowatt  p>eak  thermal  input  to  or 
withdrawal  from  aquifer  TES.  A factor  in  eval- 
uating the  breakeven  operating  cost  of  TES  is 
the  $14  to  $31  million  per  year  saving  in  cost 
of  fuel.  Abatement  of  air  pollution  and  thermal 
pollution  are  additional  benefits. 


ELECTRICAL  UTILITY  APPLICATIONS  OF 
THERMAL  ENERGY  STORAGE  AND  TRANSPORT 

Contact:  Walter  Hausz,  GE-TEMPO,  816  State 

Street,  P.0.  Drawer  QQ,  Santa  Barbara,  Calif- 
ornia 93102 

A contract  was  recently  ccmpleted  for  the 
Electric  Power  Research  Institute  (William 
Stevens,  Project  Manager  - EPRI  RP1199-3)  by 
W.  Hausz  of  General  Electric-TEMPO.  It  was  an 
intensive  study  of  thermal  energy  storage  and 
transport  for  electric  utility  applications. 
Several  forms  of  thermal  energy  storage  were 
examined,  and  a number  of  media  for  thermal 
energy  transport  were  compared,  including  high 
temperature  water  (HTW),  Caloria  HT43  (oil), 
HITEC  (molten  salt),  and  steam.  Over  all,  ex- 
cept for  extremely  high  temperatures  (>325°C), 
HOT  was  most  economic  by  margins  of  over  tro  to 
one  at  the  lower  temperatures. 

Thermal  storage  methods  considered  include 
dual  media  of  hot  oil  and  rock,  molten  salt  and 
rock,  and  pressurized  containment  of  HTW,  inclu- 
ding aquifer  storage.  Emphasis  in  the  study 
was  not  on  the  conventional  low-temperature 
district  heating  application  (<150°C)  but  on 
demonstrating  the  economic  benefits  of  HOT  at 
higher  temperatures  (220-280®C)  for  industrial 
heating  and  process  steam  applications. 

Of  most  interest  to  ATES  is  a novel  role 
suggested  for  aquifer  storage.  In  industrial 
areas  at  the  load  end  of  pipeline  transport  of 
50  km  or  more,  the  consumers  have  different  re- 
quirements in  the  input  temperature  desired, 
the  heat  rejection  temperature,  and  the  daily 
and  seasonal  pattern  of  thermal  energy  use. 
Considerable  flexibility  in  meeting  these  needs 
at  the  lowest  cost  can  be  gained  by  using  not 
only  the  long-distance  transport  sendout  pipe 
at  280 °C  and  cold  return  pipe  at  80°C,  for  ex- 
ample, but  also  a local  pipeline  at  an  intermed- 
iate temperature  of  perhaps  150®C,  with  aquifer 
storage  between  the • intermediate  and  return 
pipeline.  Daily  storage  in  oil/rock  dual  media 
or  underground  steel  lined  caverns  can  buffer 
the  demand  pattern  between  the  sendout  and  re- 
turn pipe,  and  the  various  consumers  can  extract 
energy  from  the  send-out  pipe  and  return  it  to 
the  intermediate  or  cold  pipe , depending  upon 
their  needs.  Other  users,  particularly  district 
heating  with  its  strong  seasonal  variability, 
can  use  the  temperature  range  between  intermed- 
iate and  cold  pipes. 


HIGH  TEMPERATURE  UNDERGROUND 
THERMAL  ENERGY  STORAGE 

Contact:  R.  Eugene  Collins,  Department  of 

Petroleum  Engineering,  The  University  of  Texas, 
Austin,  Texas  78705. 

The  feasibility  study  of  storage  of  high 
temperature  (~600*F)  water  in  deep  aquifers  and 
high  temperature  oil  (~600*F)  in  solution-mined 
caverns  in  massive  salt  deposits  (see  ATES  News- 
letter, vol.  1,  no.  2)  is  continuing  into  the 
third  year  at  a new  location.  As  of  September, 
1979,  the  new  site  is  the  University  of  Texas 
at  Austin.  New  developments  are  summarized 
below. 

It  now  appears  that  the  preferred  cavern 
storage  system  will  be  a single,  gravel-filled 
cavern  with  two  connecting  wells  operated  in  a 
thermocline  mode  essentially  the  same  as  above 
ground  tanks  using  oil  and  rocks.  A hot  well 
connects  to  the  top  of  the  cavern,  and  a cold 
well  connects  to  the  lower  end.  The  gravel  fill- 
ing serves  three  purposes: 

( 1 ) as  a storage  medium  for  sensible  heat  and 
to  reduce  the  required  oil  volume, 

(2)  to  restrict  thermal  convection  and 
stabilize  the  thermocline, 

(3)  to  provide  mechanical  support  and  rigid- 
ity to  the  cavern  to  prevent  cavern  deformation 
due  to  creep,  or  plastic  flow,  of  the  salt. 

Computer  simulations  are  being  used  to  inves- 
tigate the  thermal  losses  and  pumping  require- 
ments of  a cavern  storage  system.  A small- 
scale,  10  MWe,  system  with  8 hours  storage 
would  lose  about  3.8%  of  the  useful  stored  heat 
during  one  daily  cycle  after  about  3 months  of 
continuous  operation.  Hie  rate  of  loss  at  the 
end  of  one  year  of  continuous  operation  is  ap- 
proximately 2.6%.  For  larger  systems  (100  MWe 
or  more)  the  long  term  rate  of  loss  would  be  1% 
or  less  of  the  cyclicly  transferred  heat.  Hie 
pumping  power  requirement  for  a small  system  is 
about  5%  of  the  stored  thermal  heat.  This  in- 
cludes the  pressure  differences  inside  the  cav- 
ern, the  potential  energy  difference,  and  fric- 
tion losses  in  the  pipes.  For  larger  systems 
the  percentage  loss  would  be  less. 

A major  problem  anticipated  for  the  cavern 
storage  system  was  cavern  deformation  due  to 
creep,  or  plastic  flow,  of  the  salt  at  high  tem- 
peratures. A general  equation  of  stress  as  a 
function  of  strain,  rate  of  strain  and  tempera- 
tures for  uniaxial  conditions  has  been  developed 
from  published  data.  Techniques  for  extending 
this  to  arbitrary  triaxial  conditions  are  avail- 
able and  are  being  used  to  develop  a model  to 
make  detailed  studies  of  the  effect  of  the  gra- 
vel filling  and  cavern  shape  on  deformation  at 
high  temperatures. 

Design  studies  have  been  carried  out  to  de- 
termine what  heat  exchangers  and  power  genera- 
tion equipment  might  be  required  to  interface 
the  solar  collector  with  a cavern  storage  sys- 
tem. For  a small  10  MWe  system,  simple  designs 
seem  feasible,  but  larger  systems  (100  MWe) 
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would  require  a much  more  complex  interfacing 
of  solar  collector/  cavern  storage  and  steam- 
electric  turbines.  One  possible  design  is  a 
cross-compound  system  using  steam-electric 
conversion  at  two  different  temperature  levels/ 
one  direct  from  the  collector  and  one  direct 
from  the  cavern/  with  cross  coupling. 

A cost  estimate  of  $3.4  million  for  the  com- 
ponents of  a cavern  system  with  a transfer  rate 
of  33  MWt  and  8-hour  storage  period  has  been 
developed.  This  corresponds  to  total  system 
costs  of  $1 03/kWt  and  $13/kWht.  These  figures 
compare  very  favorably  with  the  DOE  cost  goals 
for  near-term  sensible  heat  storage  ($105/kWt 
and  $13.l3/kWht  converted  to  thermal  from  elec- 
tric at  25%  efficiency  and  converted  to  8-hour 
storage  from  6 -hour  storage) • 

Cost  figures  quoted  are  for  a minimum  sized 
underground  system.  Costs  for  larger  commer- 
cial-scale power  systems  would  be  less.  There- 
fore, cavern  ctorage  appears  to  be  an  attractive 
option  for  near-term  sensible  heat  storage  for 
large-scale  solar  power  systems.  Cavern  stor- 
age may  also  be  economically  favorable  for  stor- 
age periods  long  enough  (16  hours)  to  provide 
baseline  electrical  power. 


A THEORETICAL  STUDY  OF  SENSIBLE  ENERGY  STORAGE 
IN  AQUIFERS 

Contact:  Jean-Pierre  Sauty  or  Andre  Menjoz, 

BRGM,  Orleans,  France. 

When  considering  underground  storage  of  hot 
water,  the  recovery  factor  is  of  major  concern 
in  determining  the  economic  feasibility  of  a 
project.  It  is  especially  convenient  to  have 
at  hand  general  type-curves  by  which  an  engineer 
can  quickly  decide  whether  or  not  a particular 
project  should  be  carried  out.  In  this  light,  a 
general  study  using  mathematical  models  has 
been  made  to  determine  the  effect  of  various 
physical  parameters  and  operating  conditions  on 
the  temperature  of  water  produced  after  a stor- 
age period  in  a one-well  system  (alternative 
inj  ection  and  production  through  the  same  bore- 
hole). For  each  case  the  overall  heat  return 
has  been  evaluated. 

A dimensional  analysis  has  determined  the 
dimensionless  parameters  governing  the  behavior 
of  the  system  in  terms  of  physical  factors  (re- 
servoir thickness,  thermal  conductivities,  heat 
capacities  ...)  and  operating  conditions  (flow 
rate,  duration  of  injection,  storage,  and  pro- 
duction periods) • Type  curves  have  been  drawn 
and  heat  recovery  factors  evaluated  for  various 
combinations  of  these  factors. 


Ibis  study  concerns  single-phase,  thermal 
energy  storage  in  relatively  deep  aquifers 
(regional  velocity  neglected  and  the  confining 
layers  regarded  as  practical ly  infinite  in 
thickness) . 

For  our  the  study,  we  define  the  dimension- 
less paramters  Pe  and  A as  follows: 
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where  h is  the  aquifer  thickness,  PpCF,  PrCr, 
and  PACA  the  heat  capacities  of  the  fluid,  the 
confining  rocks  and  the  aquifer,  respectively, 
and  and  Aa  the  respective  thermal  conductivi- 
ties of  the  rock  and  aquifer • The  Pec let  number 
Pe  represents  heat  loss  at  the  thermal  front, 
and  the  A coefficient  the  heat  loss  through  the 
confining  rocks . 

It  has  been  shown  that  for  these  numbers 
higher  than  10,  the  recovery  of  a stabilized 
cycle  is  greater  than  75%  (still  higher,  if  the 
reference  temperature  at  the  surface  is  lower 
than  the  natural  aquifer  temperature,  meaning 
less  heat  loss).  However,  it  should  be  consi- 
dered that  overall  energy  efficiency  must  take 
into  account  various  losses  in  the  well  and  at 
the  surface  as  well  as  energy  consumption 
(pumping  water  in  and  out  of  the  wells). 

A complementary  study  has  established  the 
practical  storage  conditions  under  which  such 
dimensionless  parameters  can  be  reached,  i.e., 
how  to  choose  the  volume  stored  during  a cycle 
and  the  duration  of  a cycle  as  a function  of 
the  reservoir  characteristics  (primarily  its 
thickness).  Particular  emphasis  has  been 
placed  upon  the  possibility  of  preheating  the 
system  by  an  initial  injection  period  prior  to 
those  performed  during  the  subsequent  cycles. 

In  a very  small  number  of  cycles,  the  condi- 
tions of  stabilization  can  be  reached. 

The  particular  case  of  asymmetric  cycles  has 
been  studied  with  the  following  results: 

(1)  production  of  a volume  onaller  than  that 
injected  increases  the  temperature  level  but 
lowers  the  heat  recovery; 

(2)  the  production  of  a higher  volume  causes 
opposite  effects. 

Finally,  these  theoretical  results  have  been 
confirmed  from  data  obtained  at  the  Bonnaud  Site 
(Jura,  France),  where  a storage  experiment  has 
been  performed  with  4 symmetric  cycles  (6  days 
injection  and  6 days  production).  The  experiment 
yielded  a recovery  coefficient  of  greater  than 
60Z  at  the  end  of  the  fourth  cycle  for  a Peclet 
number  of  5 and  a A coefficient  of  13. 
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AQUIFER  STORAGE  IN  BELGIUM 

Contact:  Professor  Josef  Brych,  Faculte 

Polytechnique  de  Hons,  9 Rue  de  Houdain, 

B 7000  Mons,  Belgium 

In  1975,  the  Belgian  government  began  a 
national  research  and  development  program  on 
energy,  with  the  first  phase  ending  in  August, 
1978*  With  the  onset  of  the  second  phase  in 
September,  1978,  a project  studying  thermal 
energy  storage  and  involving  the  collaboration 
of  several  universities  and  institutions  was 
undertaken.  The  current  stages  of  development 
are  summarized  below. 

At  the  Faculte  Polytechnique  de  Mons  (Pro- 
fessor Brych,  Neerdael,  and  Sarot) , a study  in- 
volving the  use  of  large  diameter  drilling  in 
"vertical  underground  reservoirs"  of  several 
thousand  is  being  made.  Preliminary  theoret- 
ical modeling  is  already  complete.  A semi- indus- 
trial model  of  about  1 m**  is  also  completed, 
with  testing  to  begin  in  late  October,  1979. 

Hie  geological  aspects  of  the  project  are  be- 
ing studied  at  the  Universite  te  Liege  (Profes- 
sor Calembert,  Professor  Monjoie  and  M.  Marchand) • 
A final  report  on  suitable  Belgian  test  sites 
and  full  scale  implementation  of  warm  water  stor- 
age will  soon  be  published. 

At  the  Ri jksuniversiteit  te  Gent  (Professor 
Anselin,  Nijs,  and  Debevere) , urban  heating  is 
being  studied. 


UNDERGROUND  COOLING  BY  GROUNDWATER  HEAT  PUMPS 

Contact:  Dr.  K.-D.  Balke,  UniversitAit  TObingen 

Institut  und  Museum  fiir  Geologie  und  PalAontolo- 
gie,  Sigwartstrasse  10,  7400  Tubingen  1,  West 
Germany. 

When  a groundwater  heat  pump  is  used,  ground- 
water  is  removed  from  an  aquifer  through  a pump- 
ing well,  cooled  down  within  the  heat  pump,  and 
reintroduced  into  the  aquifer  through  an  injec- 
tion well.  Hiis  process  creates  a cooler  region 
around  the  injection  well.  Hie  size  and  form  of 
this  negative  thermal  anomaly  become  important 
parameters  for  well  positions  and  groundwater 
quality,  and  determine: 

(1)  the  minumum  distance  to  be  maintained 
between  the  production  well  and  the  injection 
well  to  avoid  a thermal  short  circuit, 

(2)  the  distance  between  the  production  and 
injection  wells  required  to  extract  thermally 
undisturbed  groundwater, 

(3)  possible  physical,  chemical  or  biological 
damage  that  could  occur  in  the  aquifer. 


Since  July,  1978,  two  hydrothermal  test  fields 
have  been  in  operation  in  the  Munsterlander  Bucht 
(W.  Germany)  to  investigate  the  growth  and  size 
of  the  negative  thermal  anomalies  caused  by  in- 
jection wells  of  heat  pumps.  Hie  test  fields 
each  have  a metereological  station;  one  with  a 
5 m deep  injection  well  and  28  groundwater  gauges, 
the  other  with  a 16  m well  and  19  gauges.  Hie 
aquifers  are  composed  of  fine  and  medium- grained 
sands.  Hie  injected  cold  water  comes  from  heat 
pumps  that  heat  single-family  houses. 

At  present,  the  connections  between  the  in- 
jected "negative"  quantity  of  heat,  the  local 
hydrogeological  and  hydrothermal  relations,  the 
conditions  of  the  wells,  and  the  growth  of  the 
thermal  anomaly  are  being  quantitatively  inves- 
tigated. Hie  thermal  influences  of  air  tempera- 
ture and  precipitation  are  also  under  analysis. 

In  addition  to  the  thermal  investigations, 
chemical  and  microbiological  research  will  begin 
in  the  test  fields  in  January,  1980. 


THE  UTILIZATION  OF  SEASONAL  HEAT  STORAGE 
IN  SYSTEMS  WITH  COMBINED  PRODUCTION  OF 
HEAT  AND  POWER 

Contact:  Bjorn  Qvale,  Laboratory  for  Energetics 
Technical  University  of  Denmark,  DK-2800  Lyngby, 
Denmark. 

The  storage  of  heat  in  an  energy  supply  sys- 
tem can  be  of  value  in  conserving  energy,  insur- 
ing the  dependab ility  of  the  heat  supply,  and 
increasing  the  dependability  of  the  production 
of  electric  power.  Summarized  below  are  the  re- 
sults of  an  evaluation  of  the  significance  of 
including  heat  storage  in  two  heat  and  power 
supply  systems. 

The  two  locations  studied  are  Randers,  site 
of  a backpressure  turbine,  and  Aalborg,  where 
an  extraction  turbine  is  to  be  installed.  The 
methods  of  analysis  applied  are  quite  different 
in  the  two  cases. 

In  Randers,  the  interaction  between  the  local 
energy  supply  system  and  the  surrounding  supe- 
rior system  is  managed  indirectly,  but  effective- 
ly , by  simple  contractual  agreements  governing 
the  prices  of  the  sale  and  purchase  of  electri- 
city. The  impact  of  introducing  heat  storage 
into  this  system  is  studied  quite  simply  through 
the  economics  of  the  local  county  energy  supply 
organization. 

In  Aalborg,  the  case  is  more  complex.  The 
local  electric  power  generation  is  integrated 
with  the  superior  system.  The  price  of  electri- 
city bought  and  sold  is  the  same.  However,  the 
rate  of  production  of  electricity  is  managed  by 
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the  surrounding  superior  system.  This  in  turn 
is  governed  partly  by  local  demand  and  partly  by 
the  demands  of  the  sur rounding  system. 

A garbage  incineration  plant  supplements  the 
heat  produced  by  the  extraction  turbine.  The 
introduction  of  seasonal  heat  storage  into  this 
system  will  have  a number  of  direct  and  indirect 
consequences: 

( 1 ) it  may  affect  the  future  schedule  for 
establishing  and  operating  power  plants  in  the 
superior  system; 

(2)  the  existence  of  seasonal  heat  storage 
may  influence  the  choice  of  power  plants  in  the 
system; 

(3)  once  the  future  plana  have  been  decided, 
the  existence  of  seasonal  heat  storage  will  mate- 
rially affect  the  performance  of  the  existing 
system  with  respect  to  economics,  energy  utili- 
zation and  system  reliability  ( in  relation  both 
to  heat  and  power  generation ) • 

The  impact  of  introducing  energy  storage  into 
this  system  is  studied  by  establishing  detailed 
energy  balances  (hour  by  hour)  and  overall  eco- 
nomic balances. 


DANISH  AQUIFER  STORAGE  PROJECT 

Contact:  J.  A.  Leth,  Ris#  National  Labora- 

tory, (Danish  Aquifer  Storage  Project)  DK-4000 
Roskilde,  Denmark. 

The  Danish  aquifer  storage  project  is  carried 
out  jointly  by  Technical  University  of  Denmark 
(Laboratory  of  Energetics) , Geological  Survey  of 
Denmark  and  Ristf  National  Laboratory.  The  goals 
of  the  project  are: 

(1)  to  develop  mathematical  models  for  simu- 
lation of  heat  transport  by  storing  hot  water  in 
porous  geological  layers, 

(2)  to  demonstrate  the  practical  and  econo- 
mic aspects  of  underground  heat  storage  by  means 
of  a test  plant, 

(3)  to  make  a survey  based  on  available 
hydrological  and  geological  data  in  order  to 
find  possible  sites  for  underground  heat  storage 
near  areas  with  district  heating  supplied  from 
combined  electricity  and  heat  generating  stations. 

The  demonstration  plant  for  the  project  will 
probably  be  placed  near  either  a combined  power 
and  heat  generating  station  or  a garbage  burning 
plant.  The  well  plan  is  expected  to  consist  of 
one  center  well  and  four  surrounding  wells,  with 
additional  wells  to  compensate  for  groundwater 


flow.  The  expected  fluid  temperature  range  is 
80-1 20*C  with  a power  output  of  about  1 MW. 

Modeling  efforts  (J.  Reffstrup,  Technical  Uni- 
versity of  Denmark)  include  the  development  of  a 
two-dimensional  (three  dimensional  axi symmetric) 
finite  element  model . Based  on  a numerical  solu- 
tion of  the  governing  partial  differential  equa- 
tions, the  model  simulates  coupled  heat  and 
fluid  flow  through  porous  media. 


NEWS  FROM  YAMAGATA  UNIVERSITY 

Contact:  Takao  Yokoyama,  Precision  Engineering 

Faculty  of  Technology,  Yamagata  University, 
Yonezawa  992,  Japan. 

At  Yamagata  University  in  Yonezawa,  Japan, 
three  projects  are  currently  under  way. 

Field  experiments 

At  the  new  experimental  field  station  of  the 
Yamagata  Campus,  three  rooftop  solar  collectors 
are  being  installed.  One  is  constructed  of 
vinyl  acetate  resin,  another  of  aluminum,  and 
the  third  of  copper.  They  are  to  be  used  both 
for  summer  heat  collection  and  winter  snow  melt- 
ing. Since  the  project  is  still  in  the  construc- 
tion phase,  experimentation  with  thermal  aquifer 
storage  has  not  yet  begun. 

Theoretical  Analysis 

It  has  been  found  that  the  seasonal  recovery 
coefficient  depends  primarily  upon  natural  re- 
gional groundwater  flow.  By  studying  fluid  flow 
streamlines  and  the  related  stagnant  points,  we 
are  able  to  determine  the  areas  of  storage  and 
recovery.  Theoretical  analysis  is  now  being  com- 
pared to  experimental  data. 

Measurement  of  Thermal  Properties 

At  this  time,  we  have  little  data  on  thermal 
properties  of  unconsolidated  sand  layers  resem- 
bling actual  aquifers.  In  our  specimen,  we  have 
measured  thermal  properties  of  various  kinds  of 
sand  layers  and  compared  them  with  standard 
material  of  a glass  at  a constant  rate  of  flow. 

In  the  future,  varying  flow  rates  will  be  used. 

Other  Projects 

In  the  Yamagata  Basin,  Nihon  Chikasui 
Kaihatsu  Co.,  Ltd.  has  done  experimental  work 
with  thermal  aquifer  storage  (see  ATES  Newsletter, 
vol.  1,  no.  1).  The  experimental  data  are  now 
being  analysed. 
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BUOYANCY  FLOW  AND  THERMAL  STRATIFICATION 
IN  AQUIFER  HOT  WATER  STORAGE 

Contact:  Johan  Claesson,  University  of  Lund, 

Department  of  Mathematic  ail  Physics,  Box  725, 

S-220  07  Lund  7,  Sweden. 

Injection  of  hot  water  into  an  aquifer,  where 
the  interface  between  hot  and  cold  water  is  pri- 
marily vertical,  creates  an  unstable  system  due 
to  the  density  difference  between  the  hot  and 
cold  water.  The  rate  at  which  the  system  tends 
to  equilibriun,  i.e.,  with  the  hot  water  on  top 
of  the  cold  water,  is  a decisive  factor  in  deter- 
mining the  feasibility  of  a system  with  vertical 
injection  and  production  wells.  A strong  distur- 
bance of  the  temperature  field  will  lead  to 
higher  heat  loss  (larger  surface  area  of  the  hot 
region,  increased  heat  dispersion).  It  will  al- 
so require  a more  complicated  extraction  system 
in  order  to  avoid  excessive  mixing  of  hot  and 
cold  water  in  the  well. 

The  aim  of  our  study  is  to  find  an  explicit 
order -of -magnitude  expression  for  the  influence 
of  the  buoyancy  flow.  It  is  then  possible  to 
estimate  the  rate  at  which  the  thermal  front 
"tilts"  without  resorting  to  numerical  models. 

The  analysis  is  based  on  a number  of  analytical 
solutions  for  a vertical  thermal  front  in  cylin- 
drical and  twD-dimensional  Cartesian  coordinates. 
The  diffuseness  of  the  thermal  front  is  also 
taken  into  account.  Several  assumptions  about 
the  behavior  of  the  thermal  front  must  be  made 
in  order  to  modify  the  analytical  solutions  for 
nonvertical  situations.  Finally,  the  tilting 
rate  for  a given  system  is  quantified  by  a char- 
acteristic tilting  time-constant  which  equals  the 
time  it  takes  for  an  initially  vertical  front  to 
tilt  45° . The  most  important  parameter  is  the 
product  of  the  vertical  and  horizontal  permea- 
bility. The  tilting  time-constant  is  inversely 
proportional  to  the  square  root ‘of  this  product. 
In  order  to  verify  the  assumptions  made  when 
deriving  the  analytical  solution,  a nunber  of 
simulations  have  been  made  using  the  numerical 
model  "CCC"  (Conduction,  Convection  and  Compac- 
tion). These  simulations  confirm  that  the 
assumptions  are  reasonable. 


As  an  illustration  of  the  results  we  give 
the  following  example.  Consider  a 20  in  thick 
alluvial  aquifer  with  a vertical  permeability 
that  is  1/1 0th  of  the  horizontal  one.  The  heat 
capacity  of  the  aquifer  is  2.7  MJ/m^K.  Ihe  tem- 
perature of  the  injected  water  is  85° C,  and  the 
ambient  water  is  15®C.  The  figure  shows  the 
tilting  angle  (assisting  a straight  front)  as  a 
function  of  permeability  (m^)  and  storage  time 
(days).  Let  us  require  that  the  thermal  front 
should  not  tilt  more  than  60®  during  a storage 
period  of  90  days.  The  corresponding  maximum  al- 
lowable permeability  is  then  about  3 X m^. 

This  example  does  not  include  the  effects  of  a 
superposed  forced  convection,  which  will  cause 
a further  increase  in  the  tilting  angle. 

In  the  field  tests  conducted  so  far,  water  at 
rather  low  temperatures  (<55°C)  have  been  injec- 
ted into  aquifers  of  relatively  high  permeability. 
The  length  of  the  storage  cycle  is  about  three 
months.  To  avoid  excessive  influence  of  buoyancy 
flow  during  an  annual  storage  cycle  with  higher 
temperatures  (~85®C),  it  is  necessary  to  use 
less  permeable  aquifers. 
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EXECUTIVE  COMMITTEE 
SUMMARY  REPORT 

ffi 

1979  THERMAL  ENERGY  STORAGE 
PROGRAM  REVIEW  MEETING 


Background/Objective: 

Annually  the  Thermal  Energy  Storage  Program  is  reviewed  by  DOE/STOR  to 
assess  current  efforts  and  define  future  activities.  To  provide  a broad 
critique  of  the  TES  program,  an  executive  review  committee  was  established 
with  members  being  solicited  from  academia.  State  energy  departments  and 
other  non-DOE  government  organizations. 

Committee  members  were  provided  with  copies  of  the  FY-79  Multi-Year 
Program  Plan,  Project  Summary  FACT  Sheets,  and  the  Proceedings  from  the 
1978  TES  meeting.  The  questions  contained  in  this  report  served  as  the 
basis  for  an  executive  review  meeting  following  the  two  days  of  project 
overviews  and  technical  summation  reports.  Prior  to  the  executive  review 
meeting,  the  committee  summarized  their  responses  in  writing.  This  report 
presents  a summary  of  the  Committee's  responses  as  well  as  a synopsis  of 
the  discussion  of  the  issues  at  the  executive  review  meeting.  A tape 
recording  of  the  meeting  has  been  retained  for  DOE/STOR  use  as  desired. 

Executive  Review  Committee  Meeting  Attendees: 


Philip  Jarvinen 
Andrew  Kource 
Michael  O'Callaghan 

C.  J.  Swet 
Milo  Belgen 
Henry  Rice 

D.  D.  Wyatt 
Brian  Swaiden 

Others  Attending: 


- Lincoln  Laboratory 

- U.S.  Army 

- Massachusetts  Institute  of  Technology 

- Consultant,  Thermal  Storage 

- Ohio  Department  of  Energy 

- Nebraska  Public  Power 

- National  Research  Council 

- U.S.  Navy 


Mr.  Marshall  Dietrich  - 
Dr.  David  Eissenberg  - 
Mr.  Will i am  Frier 
Mr.  John  Gahimer 
Mr.  Larry  Gordon 
Dr.  James  Minor 
Mr.  Arno  Nice 
Dr.  James  Swisher 
Dr.  Charles  Wyman 


Lewis  Research  Center,  NASA 
Oak  Ridge  National  Laboratory 
Division  of  Energy  Storage  Systems, 
Division  of  Energy  Storage  Systems, 
Lewis  Research  Center,  NASA 
Pacific  Northwest  Laboratory 
Lewis  Research  Center,  NASA 
Division  of  Energy  Storage  Systems, 
Solar  Energy  Research  Institute 


DOE 

DOE 

DOE 
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Review  Committee's  Responses 


The  following  narrative  is  a summary  response  for  each  of  ten  questions 
posed  to  the  Committee.  These  responses  are  based  primarily  on  written 
answers  generated  by  the  Committee  prior  to  the  executive  review  meeting. 
To  a lesser  extent,  comments  have  also  been  included  which  were  taken  from 
the  taped  executive  review  session. 

Each  summary  answer  is  presented  in  bulletized  format  and  noted  as  either 
a majority  or  minority  opinion.  In  addition,  a brief  narrative  follows  to 
document  the  respective  individual  discussions  as  recorded.  The  reviewers 
name  have  been  intentionally  omitted  and  it  should  be  noted  that  not  all 
of  the  reviewers  participated  in  the  Executive  Review  Session. 


QUESTION  (1) 


IF  STOR  HAD  TWICE  THE  FUNDING,  WHAT  PROGRAMS  SHOULD  BE  INCREASED?  WHAT 

NEW  PROJECTS  SHOULD  BE  INITIATED? 

Majority  (not  prioritized) 

o Increase  the  number  of  aquifer  demonstrations. 

o Accelerate  phase  change  material  development  for  building 
material  applications. 

o Increase  development  effort  for  "customer  side  of  the  meter"  heat 
pump  applications. 

o Increase  efforts  pertaining  to  storage  and  transport  of  heat  in 
thermochemical  form. 

o Initiate  TES  demonstrations  on  federally  owned  property. 

o Increase  fundamental  research  for  direct  contact  heat  exchanger 
aquifers. 

o Initiate  demonstrations  within  the  respective  industrial  sectors 
(food  processing,  cement). 

Remarks 

o Although  the  use  of  federally  owned  property  might  eliminate  or 
alleviate  certain  institutional  problem  areas,  the  credibility 
and  the  accessibility  were  seriously  questioned. 

o Industrial  demonstration  (single  application),  if  viable,  should 
be  sufficient  for  the  respective  industry  to  evaluate  and 
incorporate  without  further  government  participation. 

QUESTION  (2) 

IF  STOR  PROGRAMS  WERE  REDUCED  BY  ONE-HALF,  WHAT  PROGRAMS  SHOULD  BE 

REDUCED?  WHAT  PROGRAMS  SHOULD  BE  DELETED? 

Majority  (not  prioritized) 

o Reduce  the  efforts  in  the  Building  Heating  and  Cooling 
application  area. 

o Reduce  the  number  of  aquifer  storage  projects. 
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QUESTION  (2)  Cont. 

Majority  - Cont. 

o Delete  the  following  activities: 

- Crawl  space  air  tempering 

- Electrically  heat  bricks 

- Heinz  food  processing  demonstration 

- Storage  for  conventional  oil  and  gas  heat 

Minority 

o Delete  projects  with  long  range  payoffs  (i.e.,  concentrate  only 
on  near  term  activities). 

o Delete  low  temperature  solar  space  heating  applications. 

o Delete  thromb  wall  efforts. 

o Delete  high  temperature  solar  electric 

Remarks 

o Deletions  or  reductions  should  be  done  at  the  individual  activity 
level,  rather  than  at  the  program  element  (e.g.  BHAC,  or  Solar 
Thermal,  Industrial,  etc.)  level. 

o Should  establish  a rationale  for  deletion  or  reduction  of 

efforts;  for  example,  lowest  cost  effectiveness  and/or  near,  mid, 
far  term  payoffs. 

QUESTION  (3) 

ARE  STOR  PROGRAMS  MISSION  ORIENTED?  DOES  THE  REVIEW  COMMITTEE  SEE  REAL 

WORLD  APPLICATIONS  FOR  ALL  TECHNOLOGIES? 

Majority 

o Generally  speaking,  the  economics  are  questionable.  Little  or  no 
attention  was  given  to  market  analysis  with  respect  to  this 
meeting. 

Minority 

o Real  world  applications  for  solar  (high  and  low  temperature)  are 
not  evident. 
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QUESTION  (3)  Cont. 

Remarks 

o A negative  report  card  was  issued  with  regard  to  the  marketing  of 
thermal  energy  storage.  It  was  not  evident  to  either  the 
Committee  or  other  attendees  (not  intimate  with  the  program)  what 
the  National  thermal  storage  needs  are.  STOR  should  use  these 
meetings  to  market  their  product  while  simultaneously  reviewing 
the  goals,  etc.  In  addition,  there  should  be  information 
presented  by  DOE  relating  the  STOR  effort  to  the  end-users 
needs.  What  interactions  are  occurring?  In  other  words,  why  is 
STOR  pursuing  some  of  the  activities  as  reported  in  the  past  two 
days. 

o In  summary,  the  marketing  (lack  of)  for  TES  is  the  primary  area 
for  STOR  to  address  immediately. 

QUESTION  (4) 

NEAR-TERM  PROJECTS  IN  THE  INDUSTRIAL,  SOLAR  THERMAL  ELECTRIC,  AND  BUILDING 

HEATING/COOLING  APPLICATION  SECTORS  REQUIRE  HEAVY  BUDGET  OUTLAYS  RESULTING 

IN  DE-EMPHASIZING  LONG-TERM,  BASE  TECHNOLOGY  WORK. 

A.  DO  WE  HAVE  A PROPER  FUNDING  BALANCE  OF  LONG-TERM  VS.  NEAR- 
TERM?  IF  NOT,  WHAT  SHOULD  BE  CHANGED? 

B.  IS  THERE  A PROPER  FUNDING  BALANCE  AMONG  THE  NEAR-TERM  PROJECTS? 

C.  DO  YOU  PERCEIVE  AN  ADEQUATE  DEVELOPMENT  TECHNOLOGY  BASE  THAT 
WILL  LEAD  TO  DEVELOPMENT  OF  NEW  TECHNOLOGY  INITIATIVES  IN  THE 
FUTURE?  IF  NOT,  WHAT  SUGGESTIONS? 

Remarks 


During  the  presentation  there  was  little,  if  any,  information  presented  on 
the  financial  resources  for  the  STOR-TES  program.  Consequently,  the 
committee  could  only  comment  in  a very  general  nature  as  follows: 

o The  TES  program  is  weighted  heavily  toward  near-term  activities; 
hence,  poor  balance. 

o A broader  technology  base  should  exist. 

o STOR  and  the  Energy  Research  Office  should  establish  better 
communications. 
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QUESTION  (5) 

WHAT  SHOULD  STOR  BE  LOOKING  FOR  IN  INTERNATIONAL  COOPERATIVE  PROGRAMS? 

WHAT  SHOULD  STOR  BE  PROTECTING  IN  INTERNATIONAL  NEGOTIATIONS? 

Majority  (not  prioritized) 

o STOR  should  investigate  those  opportunities  to  use  foreign 
facilities  which  have  unique  features  not  available  within  the 
U.S.  (e.g.  very  high  temperature  solar  systems). 

o Funding  should  emphasize  those  projects  that  have  a large  foreign 
market  potential  for  U.S.  industry. 

o STOR  should  insulate  domestic  TES  program  funding  from 
international  cost  overruns. 

o STOR  should  explore  opportunities  to  participate  in  storage 
efforts  of  DOE  end-user  foreign  project  initiatives  (e.g.  solar 
thermal). 

QUESTION  (6) 

WHAT  ARE  THE  BEST  MECHANISMS  FOR  TRANSFERRING  TECHNOLOGY  TO  THE  COMMERCIAL 

BASE? 

Majority  (not  prioritized) 

o Primary  emphasis  should  be  directed  to  private  sector  rather  than 
"end-use  DOE  Divisions. 

o Level  of  technology  transfer  must  be  of  sufficient  scale  to  prove 
both  technical  and  economic  feasibility. 

o Improvements  should  be  made  in  al 1 state  energy  liaison 
activities, 

o Private  sector  can  be  reached  best  by  use  of  trade  organizations, 
technical  journals,  and  public  displays  of  concepts  (models, 
etc. ) . 

Remarks 

o DOE/STOR  must  improve  the  "selling"  of  TES.  When  a DOE  "end-use" 
Division  does  not  have  a planned  commercialization  effort  STOR 
should  provide  the  "marketing"  activities.  To  promote  government 
and  state  cooperation,  consideration  should  be  given  to  the 
annual  governors  conference  as  well  as  charging  this  liaison 
activity  to  a specific  field  laboratory.  Interface  between 
DOE/STOR  state  energy  offices  have  been  minimal  if  not 
non-existent. 
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QUESTION  (7) 

HOW  DO  WE  (STOR)  DECIDE  WHEN  ACTIVITIES  ARE  READY  FOR  TRANSFER? 

Remarks 

o By  keeping  "end-users"  informed  throughout  the  developments,  the 
transfer  should  occur  naturally.  The  lack  of  "end-users"  at  the 
meeting  (both  government  and  the  private  sectors)  should  be 
corrected. 

o The  private  sector  "end-users"  should  be  the  best  indicators  for 
directing  technical  interest  (i.e.,  is  or  is  not  a market 
avail  able). 

o Decisions  to  discontinue  a technology  thrust  must  be  on  a "case 
by  case"  basis.  Generally  speaking,  if  the  private  sector 
interest  is  not  there,  forget  it. 

QUESTION  (8) 

WHAT  ARE  YOUR  OVERALL  IMPRESSIONS  OF  THE  PROGRAM? 

o FOCUS,  BALANCE,  DIRECTION 

o TIMELINESS 

o USEFULNESS 

Remarks: 

o As  presented,  the  TES  program  appears  to  be  insufficient  (should 
move  faster).  With  the  dollars  presently  available,  more 
(hardware-wise)  should  have  been  accomplished. 

o There  are  few  tangible  items  (TES  modules,  subsystems,  etc.)  for 
this  program.  More  demonstrations  ("show  and  tell")  are  strongly 
advocated. 

QUESTION  (9) 

WHAT  OTHER  KEY  QUESTIONS  DO  YOU  THINK  THIS  REVIEW  COMMITTEE  SHOULD 

ADDRESS?  DO  YOU  THINK  THERE  ARE  BETTER  WAYS  TO  RUN  THIS  REVIEW  COMMITTEE? 

Remarks 

o A permanent  TES  review  committee  (10-15  members)  was  advocated. 
Membership  should  consist  of  academia,  industrial,  and  non-DOE 
government  personnel  evenly  distributed. 

o The  committee  should  be  involved  in  both  the  annual  and 

semi-annual  DOE  review  meetings.  And,  if  possible,  additional 
time  (1-2  days)  should  be  allotted  to  the  Committee  for 
discussion/preparation  of  their  review. 
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QUESTION  (10) 

DO  YOU  (COMMITTEE)  HAVE  ANY  SUGGESTIONS  FOR  IMPROVING  THIS  CONFERENCE  AND 
OTHER  INFORMATION  EXCHANGE  MEETINGS? 

Remarks 


o Slides  (visual  aids)  should  be  standardized  to  a format  which 
would  best  serve  DOE  interests. 

o More  technical  concepts  (poster  session)  should  be  presented 
which  would  also  provide  more  interchange  of  technical 
information. 

o The  review  cannot  serve  two  objectives  simultaneously.  In  other 
words,  it  must  be  resolved  whether  the  intent  is  a management 
review  or  a technical  review. 

o Management  review  meeting  must  be  held  in  Washington,  D.  C. 
area.  Technical  meetings  are  optional  as  to  location.  Focusing 
on  a specific  laboratory  or  subsystems  research  experiment  could 
provide  attractive  incentives  for  non-Washington  area  meetings. 

o To  promote  marketing  of  TES  and  to  improve  STOR's  marketing 
image,  the  annual  technical  review  meeting  should  be  widely 
publicized  (e.g.  CBD). 

o The  STOR/TEA  role  and  interfacing  with  TES  should  be  an  important 
part  of  the  review  meeting. 

o The  overall  meeting  arrangements  were  too  regimented.  A three 
day  meeting  may  alleviate  this. 

CONCLUDING  REMARKS  PERTAINING  TO: 

PROGRAM  EVALUATION 


It  is  disappointing  to  realize  that  nothing  has  been 
commercialized.  In  fact,  no  real  test  hardware  (TES  modules)  has 
been  developed. 

PROJECT  EVALUATION 


Value  derived  cost  goals  are  generally  lacking  except  in  solar 
thermal  power  applications.  These  value  derived  cost  goals  should 
be  based  on  baseline  alternatives  of  the  best  technology  currently 
available. 
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PROJECT  EVALUATION  - Cont. 


Project  area  must  emphasize  solving  specific  problem  area  prior  to  a 
multitude  of  demonstrations.  As  an  example,  STOR  should  establish 
competence  in  aquifer  technology  (Leading  Edge  Test  Facility 
activities)  before  initiating  many  demonstrations. 

For  industrial  retrofit,  it  would  be  unwise  for  the  government  to 
consider  other  methods  (regulatory)  rather  than  technical  and 
economics  benefits  to  make  TES  a reality.  However,  State  support  in 
this  application  area  could  be  a viable  approach  in  marketing,  etc. 
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